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Challenges in Magnetic Disk I Drives 
Institute for Infomation Storage T Pechnolog 


Santa Clara University, May 22, P9988 


Instructor: Dan Malone 


IBM Corporation, San Jose 


Dan Malone, LIST, 5/22/98, (scuintr2.doc) 


High Track Density: 
Challenges in Magnetic Disk Drives 


Institute for Infomation Storage Technology 
Santa Clara University, May 22, 1998 


Density trends, design challenges, TPI targets 


Head & disk track density considerations 


Noise sources 


Track Misregistration 


Additional track density considerations 


Offtrack, adjacent track interference, 747 


Error rate estimations and modeling 


Dan Malone, IIST, 5/22/98, (scuintri.doc) 


Track Edge Effects 


o Erase Bands 
o Curved Transitions 
o Effects due to skewing of the head 


o Unsymmetrical reading effects of MR/GMR head 


Effected or Driven by: 


0 Writing Gap length 
o Actuator skew angle 
o Disk magnetic film orientation 
o Magnetic fly height 


o Pole tip shape, with or without trimming 


Dan Malone, IIST, 5/22/98 
(scuedg1!.doc) 
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External 
Head noise 
. Magnetic/channel Integration 
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Requirements 
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Error Rate 
Contributors 


Dan Malone 
6/28/97 
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Figure 1 First air bearing magnetic head, tested on June 2, 
1953. 


Taken from IBM Journal of Research and Development 
Vol. 25, No. 5, September 1981 


Patent for Magnetic Recording Surfece by Today $ process for spin-coating disk surfaces. 
J. J. Hagopian. 


Taken from "Input/Output 8/83", IBM Corporation, 
General Products Division, San Jose, August, 1983 
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Tabie 1 Development of technologies in key areas of magnetic head and its air bearing support, disk substrate and its coating, head- 
positioning actuator, and read/write electronics. 


Year of first ship 1957 = 196] 1962 1963 1966 1971 1973 1976 979 


1979 198] 
Product ; 350 1405 1301 1311 2314 3330 3340 3350 3310 3370 3380 
Recording density 
Areal density (Mb/in.*) 0.002 0.009 0.026 0.051 0.22 0.78 1.69 3.07 3.8 7.8 >12 
Linear bit density (bpi) 100 220 520 1025 2200 4040 5636 6425 8530 12134 15200 
Track density (tpi) 20 40 50 a 100 192 300 478 450 635 >800 
Key geometric purameters 
(microin.) 
Head-to-disk spacing 800 650 250 125 85 50 18 si 13 as <13 
Head gap length 1000 =700 $00 250 105 100 =60 50 40 25 — 
Medium thickness 1200 900 543 250 ~=—s 85 S50 «41 a 25 4] <25 
Air bearing & magnetic element | 
Bearing type hydrostatic hydrodynamic ** _ we A a4 +* =F “+ 
Surace contour fiat 7 cylindrical ial we taper flat * .s = 
Slider material Al stainless steel ceramic ** ferme. ** +s ceramic =e 
Core material laminated ue 7 fermte ** bie on sad film = 
mu-metal 
Slider/core bond epoxy ** a AS glass integral ** ss deposited ** 
Disk 
Diameter (in.) 24 ae ea: i4 a ad oe ie 8.3 14 = 
Substrate thickness (in.) 0.100 ** ** 0.050 ** 0.075 ** + + sii >0.075 
Rpm 1200 ** 1800 1500 2400 3600 2964 3600 3125 2964 3620 
Fixed/removable fixed ** ue removable pack ** module fixed ** ** sig 
Data surfaces/spindle 100 bs ri 10 - 20 19 6 15 1] 12 15 
Actuator 
Access geometry X-y a linear radial oe os ane = rotary linear “* 
Heads 2 heads/actuator I head/surface ** ** 2 heads/surface 1 h/s 2 h/s i 
Positioning motor-clutch hydraulic ** me voice coil motor oe 7 oe 
Final position detent ** a 7m me servo surface (+sector) servo surface 
Actuators/spindle (max. no.) 3 sd 2 | a aa ee I 2 re 
Avg. seek time (ms) 600 = 165 150 60 30 25 i: 27 20 16 
Read/write electronics 
Data rate (Kbytes/s) 8.8 17.5 68 69 312 806 885 1198 =. 1031 1859 3000 
Encoding NRZI ** sid — 2 f mfm ** = mfm yw “* 
Detection amp| ** sil ae peak delta ** ui ula delta c'') 
Clocking Jose: ** clk trk osc vfo ee 2 rs ba =? + 
**Same as in preceding column. 
The evolution of the whole technology its given in the Much of this development has been ba:-- 5:7 °"2 
overview paper [3], and the progress in disk file manufac- work of many individuals who have created, ~.:. che ast 


turing and in selected innovations in materials, processes, quarter of acentury, a technological base tha‘ .ac perrsit- 


and testing is discussed in the paper by Mulvany and 
Thompson [4]. The present paper traces the development 
of each part of the technologies in four kcy areas: 


e The development of the magnetic head and its air 
bearing support that provides the close spacing be- 
tween the disk surface and read/write head necessary 
for high-density magnetic recording. 

© The development of the disk substrate and its magnetic 
coating. 

e The mechanical design aspects of the actuator that 
positions the read/write heads over concentric tracks of 
a rotating disk. 

e The key innovations in logic and electronics required to 
read and write data reliably and accurately from a disk. 


J. M. HARKER ET AL. 
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ted the improvement of almost four orders o° riagnatude 
in areal density shown in Table {| and also en..ancements 
in performance, function, and reliability. T: «c ‘idividuals 
in particular deserve mention because their i-flacnce was 
SO pervasive through the early days of development. 
They certainly deserve credit for motivation and for ac- 
tive participation in many of the innovations to be dis- 
cussed. They are R. B. Johnson, who had the vision that 
such a device wus needed and could be built, and 
L. D. Stevens. who provided the engineering manage- 
ment that realized the first successful product [5]. 


Air bearing spacing and magnetic heads 
Film bearings, both self-acting and externally pressur- 
ized. have been in common use for over a hundred years. 


IBM J. RES. DEVELOP. «© VOL. 25 e NO. $ © SEPTEMBER 198! 
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Areal Density Trends 


Source: Jim Porter — Disk Trend report at IEEE Meeting 6-10-97 
Projections for years 1998-2001 


ope OS 
—¢ 60% Growth 


1992 1993 1994 1995 1996 1997 1996 1999 2000 2001 
Maximum for the year 
Dan Malone, IIST, 6/24/97 


Gigabytes per Disk 


source: Jim Porter = Disk Trend report at IEEE Meeting 6-10-97 


Projections for years 1998-2001 
Gigabytes/disk 
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FUTURE STORAGE TECHNOLOGIES 


Magnetic Tape Magnetic Disk 
1 TByte/in3 10 Gbit/In2 
200 kbpi 400 kbpl 
5 ktpl 22 _ktpl 
0.125 mil tape 15 MByte/sec 


25 MByte/sec 


150 GByte/3.5" drive 
500 :-GByte/QIC | 1.5 GByte/i" drive 
40 GByte/RDAT 


Magneto-Optic Disk 
10 Gbit/ine 
165 kbp! 
64 ktp! 
10 MByte/sec 


6 GByte/2" removable disk 
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Magnetic Track Width Considerations: 
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The chart above uses a “7/8’s rule” to estimate the required magnetic 
corewidth for a particular TPI. It is usually somewhat more complicated to 
pick the proper width, but a technique like this can be used to give one 
guidance. 


Important: -- The physical width of the head must be selected base on the 
magnetic corewidth requirements. The physical width of the head elements 
will most certainly be different from the magnetic widths. 


Dan Malone, IST, 6/28/97 
(scumcw78.doc) 
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1.0 Gbit/in2 
10 Gbits/in2 
3| 
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Disk Coercivity vs Date , 
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TRENDS IN AREAL DENSITY: 
IMPACT ON BIT SIZES 


100 Mb/in? a 
GRAIN SIZE 


d=30+10nm 


(35 kfcix 2200 tpi) | 


1 Gb/in? ee a 
0.154m GRAIN SIZE 
3.0m d= 15+5nm . 


(175 kfci x 6600 tpi) 


7 10 Gb/in — —_ GRAIN SIZE 
CSSy) 0.0647m | — (projected) 


(400 kfcix 25 ktpi) 
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Internal (media) data rate trend 
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Critical Defect Size vs TPI 
30% of "magnetic track width” 


5 Defect size in microns 


{ 2 


| : ss | | : 2 : 
0 ' ; ; 
2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 
Dan Malone Tracks per inch IBM, Oct 96 
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Critical Dimensions : 


10 
5 
64K “dee? aca 
emory Ce 
: \ ne ry 
1M 
e 4M 
Ne 16M 

0.5 ~ 64M 


we 
(IBM demonstration) @ a 
0.2 1 Gb/in? mn ns 024M 


| A... 0.5 Gb/in? (Starfire 34-inch) 
0.1 Cw ~--. a. 10 Gb/in? 
5 3 Magnetic bit-cell “=>. (NSIC goal) 
0.05 FOF Length 3 
5 
0.02 
[ato 
0.01 2 
3 SS fF S&S Ce Se SF x & Ss re 


Publication Year 


00294F4 


*€ 


_ Future Recording Trends 


Xs GA OH5 SES: tae Mors ee Ebene EOS My SOE SANS OO ENGIN Sey nytanges SEU AAAMEMA A ARE EES RRARS ARAL AAAS ND SERA AA SASTRY MAW SOYA ARS Ye iy tet Pet AA Ao AN ied 


wah tek Wane hale Va aa hee ine he CRE Ce ke oe eee ee ea a ae so ca Ora a Mee SO a aS OA te ii PCN I OR RAs ere SLY SSRN Rt SELON 


IBM 60% CAGR -MR Technology 
Flying Height ( py") —_— Bits Per Inch (Thousands) 


5 PPV ee Ce ERE TES Sereyerryre ry ers i latte tall teh idle " PER TEU EUR TT ETE 


% 


: 


~ Magnetic. 


daatare SAAR RR AR 


Fly Height 


hs sae Bee “ae Ce Ed 


Perce ere eres et oe er Pee ee oe et 


Tere cerry tet ey 


10 Gbit/sq. in. 


#BSRALLGZAS 44 Ee as RAAAAS AERA AAAS SRS NT eset RER*EERERSEBEEER MAD EFS: 


She OEE SEES GGARS REARS 


M 
pon es 
@ 

i 
3 
* 

sandy * 


F m+ : % 
Ranh Prati SMM %, ieee: Pt Pt, ly Me et ag. Anke +8 A Ail i, al. it Ah, fh Ae Bh AMM I gl Mh ’ ae 1 al Man i ly 
~~ 
aan 
my + wk : 
: * 
* ” 


Peerer ie. cs 


SAE ET ES ES DAEEET 


MN 


le 
grr , | 
AAAI eS page Bre Si dat chahchttacnctattath itech taht tad teiaba oe as 


ee 


Pry 


pe BAe te RM ALA RAR ARMM ara saseee 


’ 


ah 
3 


tetind 


1 Gbit/sq. in. 


Aa 


A RAMS 8h Het MMAR AM At AA 
tk. Ai SAAB AS 


i 


RHE REBAR AM DARREL DA EABRS i TRAM An CAMARA REE “ AAD th RIS RRA ED KAGE REM ARM ARARAR ALA CARAS ROL 


RAMMARAAAKA STARR One 


0 -: 
1993 1994 1995 1996 1997 1998 1999 2000 2001 
First Customer Ship Year 


331 1 Source: NSIC “=~ Applied Magnetics 


eee ee He KASARAMRANG EAB EAERSD RAD RERRE ERAS RARE REBEL ALAR OY 0 


+ 


-Head—Disk Interface 


human halr 
yer 
gap . 
a fingerprint 
emoke duat 
hoad 
separation. | a 
pS a a coalingthicknoss 
base film 
recordod pattern 


‘ 


LM Pata atest sts hPat tat tata ABA Etat SRC SETHE RRR DENTE Tee 


satittatatatate ttt te tt PE NESE ERATE GUN EEE NM tt tte 


RF, ae Ate 4, ti, , a RAPP en ee ee BALD AS FEI ARIE RES BES, Fe 88 OFF. RHP D HED RM HS et, OF Al ol ul yPatgl tata 
DOC RO ICCC NEN) ee tee te preety te niteiecarete? : NN I a sac tatteetete rag * PRE BREE AES BE BEET Oe F MER EAA [COOKS eae 
* ? os 


5 Tee RRR Ete SPU ETS sett . Seiptel sbete he alot Se ES ASIA ILS IILE ME ROMLI ASEH: 


sian aren oe 


Fa ara tetetat alee 3 oon saa eles ay ore See eee eS ec ee Sot iti Sacer wae ee ra ; ee Se eee eee ee 


Bacterium 


ors 


Ma He Gna 


os 
Ped 


aan 


ae 


Batata ates! 
mies e 
ees 


Fa Sat a See a 


hata ts ete ES 


a, 


oes 


es 
= 


st 


« 


Re, 
ee 


Flagellum J 
Tu" 


Sv 
io ane Fees Teall # 


a eats 


oe 
rat tate 
tate ates 


Gres 


' Applied Magnetics 


eee 


aoa a ea 
ee 


ae 


soe 
Oe 


Magnetic 
Recording 
Heads 


Magnetic Head Design 


Undefcoat 


‘Lead 
vig Metallurgy 


Sensor 


Merged MR Head Design 


IBM Advanced Technology 


Relative Head Signal Level 


© 
bh 


Improved Performance - MR/GMR Heads 


Magnetoresistive Head 


ad 
nauctNS ~ ao WO 


90 Tur ns 


Magnetoresistive Inductive 


Track Width 


Ce ee ed 


Write Width 


On-track Read 


Off-track 
Read 


Improvement 


i 
j 
! 
{ 
I 
! 
! 
{ 
| 
| 
! 
{ 
I 
! 
| 
{ 
t 
! 
! 
1 
! 
! 


i 
! 
! 
j 


| 
Track Width 


IBM Advanced Technology 


pee peg 


oo ORR Tigy! 


* . = . es ¢ ‘ a ai # vie ¢ * 


tek : Be ie a ee eee ee ee wl BE Sg ie isan a thes, Sogo ei ln tore a Seabee ® Ky. ett at See inimeomane acti @ Sagaay 6 a doig’ Eis ecm, ae os Rpg Syeda ts to! 
Pek Pag it Sy eR We bin ok oot dF ee § oF i es 2 ial 3 ial ed Ii fea a sii So a 


me ¥ 


1nm 


ge 
ls 


C—1 Spacer 

Gam Soft Film 

gumme = GMR Pinned 
Film 


Co Adv. Bias 


Me Nife 


ME Exchan 


7) 
O 
0) 
ia 


MM HardsB 


Peon ont dae Rae ea oe 4 » i - ok z ee ers 


bel 


pyer 
iat Ts 


SMa Fe 
Hr, 


Sr ee ae ee Oe ee 3 . “ amg : i vee ee ee ee Ce Cee ee er es 


< 
wt 
2 


ei 5 
‘aes 


ee 


RAE Se RE ME Can 
A se Aha 


. ? ee . ok . : Saw 2, >? : 8 dled 


* 
ag 


~~ t = ® # i 
Ae fg be . ar iy i ° F 
eid sn aay oie Be Bee oe pei ke wt Ee eae! peek le soe ate.’ wile eee Ra ‘eden aS wether lin veh aah ght By despise og We neh Sy aban Bla 5 stig hda pin mura Giddy, alates Mahe 


ied some oy 
a tk SE 


Se te 


Sedan ete 


« 


a hue 
ome 


Mi Head Basics BiasSource ts oe 
V =I x AR. | Preamplifier . 
sign blas sensor | y oo 


GRCHWSKI at ALMADEN 


whe 
> V out 


a Twisted Lines 


Air Bearing 
fA Surface 
Shields Arm Electronics 
Module 


® 
O 
, 
0 
% 
72) 
® 
~~ 


soft Adjacent 


: 4—'nsulating ae 
re spacer Shield | 
MR Sensor SohAdacer WS, 7 
| ~ Adjacent 4 4 - 
XG bess Layer Contact 
ontac ~ Insulatin | = a 
Spacer” — MR Sensor 

IBM Advanced Technology 


Merged Magnetoresistive Head 


Inductive Write Head 
P2 Layer 


Copper Write Coils 


Inductive Head PI] 
+MIR Shield? 


MR Contact 


MIR Shield] 


MR Read Element 


IBM Advanced Technology 


L) 


MERGED7.CDR 


ect ce et we mew wet em wwe se wet ew we mew wee ee ew wm ew omen wow ew ae w neon eet eee en eer ee ern 


@eaenmnanamnhann 
Ce ee ee 


m 


Re 


a 


‘ 
Bees 
WH te he 

+o 
ry ; uh ‘ 


aks ns 


Cae en hee 
2 ve Seat “0 lM SP Ril Pha ah 


ees 
ae 


pichene tae 


ee bee 


am 


55, 
peers: vA 
SOV en eo re 


Re MOR? 


ete 


AE BIN 


at 


iP 
i 


Ase, 
yy 
sit 
1 Be 
Loe} 
HOF: AGES 9 
He 4 


oy 
RW Ho 


yes 


Sonne 


Pete 


ra 


foe a acd 
one 


Wi Madd ee 
Y ei 
Me « agit hess ae % 


OTN ORS AS 
Pant eee 
a 


fa ie 


des ie 
+4 

Dee 
ah 
PSone 


Ph 
Sy 


BESSUTS FUSS GT SE BS BS ESS iss 3: ats ye 
CBsSt ede Gi dead ect Te a ae 


Ye 445 
Dae ee RE 
had 


ea 


oe 
i “+ 


it A 


se # 

ne Oe paa <3; 
See RSE +4 

Ri Hegner eat Bek De SE ited: 
mon ROTA Ge Rat ee was me 8 A Sa ON oe Reta * 
334 ; sees USS FASS BES FESS 


* wes 


¥ eee : i. , BS is x 
wrecs eee rte tice ss 


SeaesHE: SAGES ee Hee dees a taee gee Lesede aes Het 
S2u308 ts $2530 $23 SE. : F ; S235 


a 


Pend ut tte 
et a 
Pee 3 bse ot 


4 cS 3 s .* eg *, 
1 Rena! si 3% tS: 


Pees 3 “s ey 
SEO SES OES IE TS SE33 7 
oe Se a9 


7 
+s 
Ra ee 9 


* 
5: 


Sere 
Ms 
ets 


Ms 


* 


Hee UF 
Bers Boe : 


MR head geometries (an example) 


DJM, ST, 7/24/96, (scupolt t.drw) 


ATH HAMAAARABORASGAROREKSAGOARARASBSEAARSABHAARASHSHSKAHRARABRTEARAAAAMAAS 
CARO ARAREARRHRESO|ASSESSSRAASHAS|HRAADASBAABHRAR ABA ABARBAAARAHATAAEAL ARE SD 


ean een Boar Dees Gea HOG CAN OHS CF SOe GDaHe Mente CHE TZTaAeTe CHB e Dean enon enon aean eoaataenereron 


a 
s 
a 
4 
a 
a 
4 
‘ 
‘ 
e 
a 
4 
s 
a 
a 
4 
6 
a 
a 
e 
s 
€ 
s 
a 
a 
€ 
e 
a 
a 
a 
a 
a 
e 
s 
a 
e 
a 
‘ 
e 
‘ 
€ 
& 
e 
a 
a 
a 
e 
a 
a 
a 
e 
‘ 
s 
€ 
a 
‘ 
a 
e 
a 
e 
é 
a 
e 
‘6 
e 
e 
e 
4 
4 
« 
« 
€ 
8 
4 
e 
s 
a 
s 
cy 
s 
4 
a 
e 
« 
iy 
e 
* 
e 
& 
e 
‘ 
6 
a 
« 
6 
e 
, 
e 
‘ 
e 
a 
o] 
é 
a 
a 
a 
e 
8 
a 
e 
e 
é 
€ 
e 
r] 
6 
€ 
a 
. 


eee wee wee mt wee wee Cee BDH ew wee meee wwe nr ewww weer wm ewww were wart ee ee eR HE OR OOO 


f ans 
ea 


RUG RU RS URES 


aS 


¥ 


SAS PENT CENT ADE 


MR head geometries (an example) 


DJM, IST, 7/24/96, (scupoltZ.drw) 


COO OTHE ROS OMS COMET SHEESH HSHTETOHTH ES EHD ETH SSVHESEeveenrsserTHHaeeEEewTesYEEEEwWareNwMNNEweRZwEaBEBDITeBTUVOOYL 


COO OHH MOO HHO OHO THHHK OHA BHR H CHEK CHO HOHRHEE CHES BOE HT GAS SE BDHDS AEH HHS CHEB HEED BHO 


AAs 
A Wh at 


ge 


ee ae 


2 


ae een 


ae 


° 
4 
4 
¢ 
‘ 
4 
‘ 
4 
a 
' 
L] 
‘ 
‘ 
' 
a 
4 
a 
t 
‘ 
LY 
4 
a 
a 
, 
‘ 
‘ 
‘ 
6 
6 
9 
1 
6 
‘ 
a 
‘ 
‘ 
‘ 
LY) 
8 
4 
‘ 
‘ 
' 
é 
t] 
‘ 
CY 
' 
' 
‘ 
LY 
‘ 
‘ 
' 
‘ 
a 
‘ 
‘ 
6 
‘ 
‘ 
‘ 
4 
f 
t 
‘ 
' 
‘ 
4 
‘ 
ty 
4 
’ 
i 
a 
‘ 
' 
4 
' 
' 
4 
19 


vseucgverenvvwe 


thes 


abate 
gies: 


SF IQUVBE PUT: 


“ae 


OTA Ade aay Te 


+4 OC SCL, 


33 


= PPS 
33° 


RTs 


SQ3tst 


<5 


eR Oe 


wee 


St ESSE? Sine 


Ms 
> 


ete 


$e ee 
te Ae Le Rte rad 


UTE 


See 
Se etnas ww tastes 
aa rates 


- 
+ 


+% 
* 


So) MA te 


has 


* 


608 ed 


Ces dan 


ee 


Oe. 
%: 


SETS 


tte 
SAKA 


i te Sess S 
hile ies 


MR head geometries (an example) 


BSBeevesevenwneevegeevuse lS 'eeeceseeeeseeseso owes eewervvueneveeeeuuvrwegeseeegwer 


drw} 


(scupolt3. 


DJM, UST, 7/24/96 


oe ee eee ee 


GRCHWSK!I at ALMADEN 


od 
“99 
: 


at 


FS 


dad 
* 


es 
? 


“s 
3 


ee gt ae 


oe he en oe 
peti som ty we 
a ee 


“nae Nah Matha 3 
* 


2 


yee Bae o Sate 
¥ Og Bee 
i eh aad Fe ae: 
Es ey 
WP ge ee 


ee 


come eg the a ete Hk elie au Fs Ae ee ee ee ee eee per ae ee eee 


2 GR segs Oo EE ES NG ge 


7. 38 é hs y 
24.9%" St ae ee Cee Ee Pe Cree : . OF yous > ee Sb et* yee 4452 G ce, 
vie : * gins * oe ea 


* * * 


as tee 8 Pr, ee ae df ak ee a oe” ee aes < > a ‘ ee ee ee ees ee we 2b” (ewe ce me F 
aro t . 


rd 


1 Gblit/in2 Head 


— Ce ee ee ee ee ee oe. ee ey 


08 8 Oe oes hee Ce ee ee ee ee ee ee ee ee 8 6e RHE Be ee Oe 


C |MRLayer — 150A : 120A 


* 
*', 


dvanced Technology 


#£ 


ee ee eS ee 


IGBIT9S. COR 


Write Wide/Read Narrow Recording Process _ 
a f Write = | 


Read euneies | 


ot 
: 
F 
F 


cr) 


MIR Sensor y/ | i] 
yx i | 


Track Width Shield = 


wees 7 
seo§ 

Ci eesslainn tind a Pepe tn 
ae * 


tee 
& 


* 


4 
i Rae 


« a 
c . * ‘i ® é 
pilin Gas RMR an) PO SEA oe es 
Parveen’ maligne: | 4 Sake et? Se ae eee YS ron Tae a 
en oe Cee 


Magnetoresistive Inductive 
Read Element Write Element 


ws 
} 


Magnetization Recording medium 


Track Width > = ff Magnetoresistive 


# 


* 
SREP PSE ERLE A LE BPE SISTENT. 
* Me 


Imorovement Off-track  On-track . 
Read Write Width 


—_ ab a te ema 


Inductive 


IBM Advanced Technology , ... 


Magnetoresistive Head Biasing Alternatives 


Technology | Advocate ‘ Advantages 


se 7 Se AY i | Over 100M heads in 
! Y Quantum eretaen 


seagate ~ 1} 

or : wily Hitachi ; a 3 Gbit/sq. in. demo 

Deed A | NERA ite 1 Simple, high id 
‘Soft Ad}. L at | gh yie 

Hope Bi Blas fe) }. ayer “Hard Bios | a process. 

Soft Adj. Layer, Hard or Exchange Blas - 


GRCHWSKI at ALMADEN 


Headway — Large output 


fs Filenareh ele: oe } y Z Thermal spike 
me MR ee | protection 
Contact!” 17 


Thermal spike 
protection 


BE COMRR Se ee, A Constant output 
vp Le | with trackwidth 


MR 2 


Dual Element Vertical Mie 


MRHDP96.COR 


IBM Advanced Technology 


9S°€1 S6/0E/c0 


se 


Oa 


ne 


Se hh EO, 
Mex eh a 


atte 


Pe th EEE, 


ay 


eae 


BA A ee Ee A oe aA 88, 
Ae a ta EN DAR OE OEE, LE PO Ie ED 


ry 


her Head sensitivity 


Lower Electronics Noise 
Hig 


Magnetic Head Design 


Lower Media Noise 


On 0 


'ulDs/S{QS ‘ AUsueq [De 


+ NRTA eos 
£ yt Hyg we, BH ago ah Sh ee! : 5 
ae oe EY foe 


< RPT EN TO ee ve 2 eM re 
fa Pe a i ee Oe ee Oe ad CE EE eR PE : 


erate 
ees ees 


Sil ota 


VWAW NY 18 SINVE 


| 


enya a : CCC Ce Lee 
ye % Beith ok al ee ek 


A ATS 


100 


80 
R.A. Scranton 


60 


Satan eats 
CR ENS 


eros 


cos 


ees 


Se 


te ee 


es? 


20 


2 
® 
+— 
® 
Y 
O 
C 
O 
Cc 
O) 
£ 
Zz 
O 
“ 
L 
Sel 
® 
C 
ey 
eo 
= 


cx 


25 


ma 


gt 


erate 
ae 


a 


neh ghee ho te 


ions 


a 
ne 


align a 


mee 


a 
ee Rete eH oe 


Corea 6 7 See 


Peers aati 
Bele ee +s se 
ee ik ee ek ee 


eerie eae ies a 


NIGSd 8a0vVdSs sd 


03/30/95 13:5 


spin Valve Head (Giant MI) Basics 


lias Las Pinned Layer l igs 


Hoinned Hinter u Heurent 


Lo 
Las? Af 
Meds a 


aie a — Gl) Conducting 
ee neq oe 

7 4 sensor 

| gg oF : “ree Layer) 
l 


Contacts 


Shield _ 


Pinned veral Le contac! 
Key: Electrons Conducting 4 L Sensor 
shared between — Spacer (Free Layer) 


layers 


JANIE at ALMVMA 


Structure 


intrinsically 
linear Hpinned . H inter * H current = 0 


Resistance 


Electrons ‘ 
avaliable to 
cross spacer 


Spin Down ' spin Down 


ee 6 “" 
Ba 


Many available | Few available Few available | Many available 
travellong distance _ travel short distance travel long distance _ travel short distance 


“short circuit” Current direction | 
Low resistance i High astonete 


Bruce Gurne 


ps GMRBASC1 PSBIN 


20 
ickness, NM 


S 


Son ees 


a 


4 6 810 
ng Layer Th 


aa 


cake 


ae 


eee 


sens 


L_. 


ce 


GN ‘= 
SHUN “QUOD ‘apNpyduwy 


aes 
aes 


‘she 


Me etic et 


Characteristics 


Conducting 
spacer 
Insulating 
spacer 


oO 
eo) 
® 

a' 
® 

2 
O 

> 

& 
OQ 

op) 

~~ 
c~ 
= 

O 

oO 
Cc 
eo) 

~ 

= 


Contact 
Free Layer 


Litaiateaatetca tnt atten Ma tela aaNet hay tea aha! DR a MANN a heen Na MMAR DAR OHRID CARR PPD Ke oP aAS aE ILD RLD REE DLR RI ILO LEE BEE EOL IN ELLE EEDA LDS DE LLDPE REED ALE EP LER EEE R CEP ER SELES DEER EE EO IEE 1 Ra aon Na RH 


aha eae ay 
r Rh 


2%, 
‘teh eae a eae 


SEL S6/0E/EO VAAW TY 12 SINVS NIQSd ELOAdS $d 


*, 


soe 


Aity. 
ae 


® 
2 
none 
oO 
— 
Oo 
= 
LO) 
— 
® 
Li... 


os 


SoH ge ae 
Shee ee on 
Shee pee 


a 


> Lo 
Se 


ae 


Sehge 


me 


Cc” 


7 © 


‘ulBS/S}IGS ‘Ayisueq |e 


ew a® as es 8 te eee tle a tae gf, a 6 a Ses ante aes 
Rnipts (ib 6 Kok wWhah iawn She outa : : - Mgh ENE ET UGE Reet ehh at at Rn eC aCe i na te tn tatn tytn tag alte f : AI wos a yeaa 8 Jata's = atetiatatetetels cate Sia y gan tin a 
Ca or ee re et re ‘ ye » Oe an ne CO a ee eT ee ee NS Let Ee Oe a > ae re ae ah ¥ ‘*y dh 


Ov:El SA/0E/E0 YWAW TY 18 SINVS NIGSd OES Tv3SyV : 


THE INCREDIBLE SHRINKING SLIDER 


STANDARD 
1004 


ud 
> a: 


\ 


Oo 
oz 
= 
2. 


(02 


NANO 


50% 


PICO 
30% 


y 
\e 


micron 


Capital Intensive Technology 
Gap Length Control 


ene . 
. * ri * ‘ 
. ° . . 
. vy . ° 
. ‘ ‘ 
ores eee eee eee ts Seer Pere re errr t er Serre eet TT ee eee te 
. ‘ . 
e * 
« . 
. . 
4 . 
‘ . 
. ’ 
Ce ee ear PPPererey STETeeerrerrrrerreerrr eT Seer er eer eeeeee re re ee eee eee See eee eee 2 ee ee cory 
‘ . 
. . 
° . 
‘ . 
~ eee came ev cencce cc ccc t GEE Wigs sec cescssaceeusceseeccessccs Mme € = nee cen a no nmcceevene 
: . 
TORR ee meee mamma aOR RO Oe REM OR ONE OM EERE EHS HOMO EEO OR AEE G ATES ESE EE AES FESeaTeHommesenmesas  Mnmg as eeesessersesesees MMMM € fe teem eran tere eens 
. ’ 
~ segee 1qee seweenoe i le ee nl Seas 
. . « . 
ee ee eo ee eer eer eee ever rrer reese errr erie SOreeeeeerr errs rer ee aay "eee ee ee ee rr 
. ’ . . 
’ . 
eee et ee. Pe eee oe eee ee ee ee ee eee eer ee eee eee ee eee ere rr ey 
. . . 
. . 
Bohan le EON ant etn Usa ng She hoe gta ye le Nee tok pte Fg Metal Pee cate A DS tl he os Sind Dt Dar ed ig teed 3M RY a th ge wh tae fe 5 sents ee Ly ae 
t.ho er ete Pre fet ther ee eee re rer er etre ee rrr? fr rr er ees 
: 
rT . 
ee ee ee ee ee eee ee eee eee ees Oe ee ee 2 ee 
. . Py ‘ 
. . 
+ . 
* . 
~- cae ~~ cry 
. . 
. . 
. . 
. . 
Oe oe ore ara ces ~ 
. 


1992 1993 1994 1995 1996 *997 1998 1999 2000 
| Year (production) 


eA) 
OETE RS (oR 


microns 


Capital Intensive Technology 
Track Width Control 
10 Seer eee eet ees ese er a ee i 


PPO reeeETTEPP re rerrTEerr rere ere ry ere rere eee 
pate ini eiine sbi, oiRiahe Sie aoeie ie WiSe Rwiole ¥ WO Ss oan 0.0 0s.s die Se aie a w's'SoG. 60S 9 a '5l¥Wi 0 86 4.ercWlalnaicd eo pies osawleleeee vee Caden scen 
ee ee ee iy CREE SRO TIES E CSE ECP eererrerr rere eee err eeeerererrecerrre STere ere etree rere rere) « @ Gee j= = Heacaree 
Tiaed ovis akiegueiegneemeeeets secu even bmescaspabesea/ verses crew ei torigiusaiacdesceenciteacs omina { i ae 
oR Wale Sie de actireteds-a.cleave eo Sm ele Sibiereiwinreacela Cie aeieleg Mieraie aparece 


a a i ie | 
Bee ee meee me Le eee ae 
staan ee 


pis sigma | ‘ 


: : : ; 
: ‘ 4 ; : 
: > : : 
O : Paps Reie as Ras teO Ng Masa Gen tet bse ae Ek ees PEP, TR 
. wiv eahge ow 8 fa fy eee le, Sm wg ig BL eeieraretnre ease oe Wiping 6 edieied CeUaale fie Bee gai niwatem ae sds, crtttad 2 Saskea et salva well alia 


wee eee Pe ee ee ee es 


Se ee ee ee ee ee a 
re ey 


1992 1993 1994 1995 1996 1997 1998 1999 2000 


Year (production) 


Magnetic — 
Recording 
Disks 


Disk Surface Application 


\ Head’Slider 


Rotating Disk 
| i 
Full-surface Texture 
(mechanical or sputter) 


Zone Texture 


Dedicated 
(laser or mechanical) 


landing zone 
| 


_oad/‘Unload 


Super-smooth ~~ 
| data zone 
(no texture required) 


Ramp or 


Lift mechanism 


IRM Advanced Terchurinene 


IBM Ramp Load/Unload Dynamics 
| Detent Position Slider 


*, 


Sua’ Head Separator Fin 
Ramp £ = slider Unloaded 
Ned Pe ao suspension’Actuator 


“~~ Suspension | 
Tab , slider Loaded 
Suspension’Actuator 
Ae Position 


a 


1. In loading, vertical slider velocity is 
servo controlled using back-EMF of 


IBM Advanced Technology actuator motor —— 
Ss 2. During power off, back-EMF of spindle 
= motor unloads sliders before disks stop 


rotating 


RH 


‘HInSHAA  sRGHREIEEE 


HRIERITIENS TRATED: 


Bia liuiiuaaacite 


my 


7 


HABS 


WEBENE: 


Rpt 


OMT HBATE 
RPT: 


Bit 


TOUTE EET: 
DENNER 


Bi 


Bi i 


HATCHER RO HB 
YE TERED eee” 


si 
ot 
BENBBE 


AH 

TeeeerEy 

YH 
Spr LEH 
WEBRBIBH 


® 


BHI 


SNES 


hae 
} 


Wet 


STEPPE 
Bi) 


se bape me ane “ape “een  “op ecepeatapeabes 


+ 
a 
+ 
> 
i 


Sqeecap eal «Latins gent 


©1995 IBM Corporation 


ured 


Landing < 


* 
“ 


Disk Technology 


! Boal Tie etc tanl aug be ee tan Aas 
PGs By Da tr tie eee gs SEND ew Nea) PC a) Een Pe cisco las 
-t ; fo . i : . : 
duties costs. Briges added. Se. lomera beean mvestigiiine 


svother scdbiization technique that would simplify the develap- 
savnt of the head/disk interface. his method is now known as 
centored-disk stabilizagion” because the spining disk is centered 
hepween Ovo suigonary plates (see Figure 1b). Because of the 
table air flow, the media doesnt dip inte the access slot. The 
toxtble media is stable up to 3000 rpna. 

lomegas Zip drive uses a special version of Fujyrs ALONTME macdia 
\pparently, the thinner the magneue coating, the better the output 
thigh frequencies. The mesias overwrite characterisitics also 
saprove when the coating is very thin, As acrule. the thinner the 
sang, 


the head/disk spacing has to be increased. negating the benefits of 


— the roughe! the surface finish. Because of this rough ee, 


the thinner coating, Fuji reportedly overcame this problem by using 
3 double-coating process, whereby a relatively thick undercoating of 
stanuin dioxide C1iQ),) sits under a thin laver (0.4 yum for the Zip 


five) of metal particle media (see Ligure 2). 


SEEK, SERVE. FOLLOW 
Inidalhy, embedded serve astems werent widely available. As a 
result, the floppy was designed with wide tracks (135 gpi) so that. as 
Briges noted an oper foope scrvo could be used. When the cartridge 
mamserted inte ths dre che media recenters itself, with an accurae 
of about 20 him, wich is okay foro track pitch of 188 um: however, 
track runout becomes aoagndficane ites che track widrh narrows. 
nceessilamg. a closed loop track: tallow ig servo svstem. 

“To perform track following” savs Briges. “the stepper motor 
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te oaustiath rep hie cu cil aweace Gar neater GNM Awhicleas Sie 


phy a coi of ware ontered betxcen strong permanent magnets. 


Phe VOIM position: aan 


performs closed-loop track following. Phere are many schemes 


heads on the destred track (seeking) and 


for crack following on flextble media. most of which rely on 
nagneucally stored servo information rather chan on optical pac 
ernst date. three different types of servo systems have been 
ised in floppy disks: buried servos (Bricr): floptical omega, 
fasite): and sector (lomegas Zip drive), which are more cem- 
enonly found in hard disk drives. 

Because sector servos are standard in many of todays hard disk 
drives, integrated circuits are available that perform all the neces- 
wary decoding (¢.g., Analog Devices’ 899 IC), saving lomega the 
sother and cost of developing custom ICs And because Iomega 
-pted to break the chain of backward compatabilicy when it devel- 
ped the Zip drive, no additional head-posivoning systems are 
rweeded, reports Briggs. Finally by using Winchester-stvle nano 


"ders and suspensions, high-speed secks (29 ms) are possible. 


SSS este 


_ Metal 
particle layer 
TiO, undercoat ~ | . ros ee a 


~ PET substrate ~~ | » 


Conventional metal partich efi versis double-caaiedt thin pel. 


Figure es 
send pertich medit (rial L Danuhl coding roads pia another surface. 


q P DATA STORAGE Api ion 


Disk texture measured by lase: 


Along with increasing areal densities, hard disks have become cor espording 
ly smoother. Moreover, only an extremely smooth surface can accommodate 
the low flying heights associated with today's high-performance dive. Arx! 
with these smooth disks, drive makers have had to learn to deal with o more 
lethal issue, namely, stiction. Because the disk is so smooth, recording head. 
can literally get stuck on the disk, and sometimes neither all the king’s horse. 
nor all the king’s men can separate the two. A common way of preventing 
Stiction: texiurize the surface of the disk, either the entire surface ¢. + wnall 
portion of if (“zone texturing”). The textured patterns prevent ihe head: 
from sticking to the disk surface. Thot Technologies (Campbell, CA) has devel 
oped an instrument that can measure these textured zones in a production 
environment. “This is not a laboratory tool,” says Thot’s Jim Eckerman 
Besides detecting the edge of the textured zone, the laser can measure the 
height of various textured patterns, including “donut,” somberero,” and 
“plateau” patterns, reports Fckerman. 
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@ 6 
revive 5.25-in format 
Start-up drive manutas turer Belfort Meme: bob as 
Csatos, CA) established «bc achhead in the | phot by 
revisiting the old 3.25 i form factor to mints 
per-megabyte drive for desktop computer rl’ 
sampling a 2.5-GB dis. cu will be off eae 
August and already has ord) tor the roughh Haves 
the company expects to ber. harng ats first an, 
The drives will be manutactus. in Belfort. bra: alhy 
the companys marketing cle il focus on bur. 
dom Finnegan, BNEPS VP osrness develoy ai 
2.5-GB capaciny is achieved oe oily two disk: tal 
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Figure 4. Schematic diagrams of zigzag transitions in thin-film media. The magnetization re- 
verses direction through a transition whose width is the distance between the dotted lines. This 
width is governed by a parameter formulas. The structure within the dotted lines is governed 
by the micromagnetic properties. Figure 4a is an idealized picture of a zigzag transition where 
the sawtooth functionality is periodic. Figure 4b is a more realistic representation showing a 
more random structure. | 


become the limiting factor to transition lengths and overshadow simple M,6/H, 
arguments, but data to date suggests that the simple macromagnetic approach to 
transition lengths still applies (Middleton and Miles, 1990). The existence of 
clusters, is the cause of noise in the transition regions. Magnetization cannot vary 
smoothly, but rather in discrete units. 


4.3.2 Thin-film disk noise vs. recording density 


In 1982, it was discovered that thin-film disks showed a noise vs. recorded 
frequency behavior very different from particulate disks reflecting the cluster 
model in the transition (Tanaka et al., 1982). Noise in CoNiP plated thin-film 
disks minimized in the dc saturation condition and increased with recording 
density. Gamma iron oxide particulate films had an opposite functionality where 
the noise is greater in the dc state. The now accepted interpretation is that noise 
in a contiguous plated film is found in the magnetic transitions, while noise in 
gamma iron oxide particulate media appears uniformly along the recording track. 


Later recording experiments extended this work to other alloys and gave 
deeper insights into the noise vs recording density curves and the implied noise 
mechanisms (Baugh et al., 1983). Noise power in thin film alloys of CoNi, Co, 
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g walls in recorded transitions on a thin-film disk. The 


: Figure §. Lorentz micrograph of zigza 
pitch of the walls vary (Tong ct al., 1984) 


sawtooth walls are not regular-the amplitude and 
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and CoRe were investigated to densitics of 1500 fc/mm as shown in Fig. 8. As 
Tanaka et al. observed, the noise increased with recording density in a manner 
exactly opposite to particulate media and sputtered gamma iron oxide. The noise 
in the thin film media goes up linearly and then increases in slope in a supralinear 
region prior to reaching a maximum noise level. The noise behavior in the linear 
region is interpreted as simply the contributions of the extra transitions as the 
density is increased. The supralinear region indicates that the transitions become 
intrinsically noisier when they are close together. At very high densities when the 
transitions overlap, the noise power @g-rcases. An important addition of this 


work is the suggestion that peak jitter can be predicted by signal to noise analysis, 
but only by using the maximum noise in the transition density curve. 
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oo : Figure 3. TEM micrographs of four different magnetic films. The fundamental structure is 
ede. | _ based on grains whose size can range from 100-500 A. Intergranular spacing vanes with dif- 
i ferent film deposition processes. Figures 3a and 3b show some evidence of grain separation. 
. are ) Figure 17b shows an extreme case of grain segregation through physical voiding. 

me- . 
yer is 7 The realization of a granular structure in thin-film disks has led theorcti- 
» pre- cians to base their efforts on the model of strongly interacting hcp single crystal 
h the a grains, each having a uniaxial magnetocrystalline anisotropy. The grains interact 
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Figure 14. Microstructure zone diagram for metal films deposited by magnetron sputtering. 
T is the substrate temperature and 7,, is the coating maternal melting point (Thornton, 1986). 


S.J.1.] Pressure and Temperature 


Pressure and temperature are two of the important variables used to 
produce voided grain structures in low noise thin-film media (Yogi et al., 1990; 
Yogi et al., 1990b). Figure 15 shows the grain structures at low and high tem- 
peratures and low and high pressures for CoPtCr/Cr films. The low mobility 
Zone | type disks made at high pressure and room temperature reveal the greater 
amount of voiding. These disks were quieter and exhibited lower S* values indi- 
cating a reduced amount of exchange coupling. Pressures of 24 mTorr were used 
to obtain the best results. Similarly, Ar pressures up to 25 mTorr at ambient 
sputtering temperatures produced the best noise disks in a CoNiCr/Cr system 
(Ranjan et al., 1990). Sputtered CoNi films on Cr at pressures from 5 to 25 
mTorr and temperatures up to 200 °C showed reduced noise (Koga et al., 1989). 
Low noise results were interpreted in the vein of the low mobility argument, i.e. 
low kinetic energy conditions lead to films with irregularities on the nm scale. 


Many others have observed noise-pressure effects. Chen presented some 
older work on CoRe revealing marked grain isolation at pressures of SO and 75 
mTorr (Chen and Yamashita, 1988). Noise reduction was observed for a CoCrTa 
alloy when the sputtering pressure was increased from 0.2 to 10 mTorr 
(Kawanabe et al., 1990). Prior work by this author, although not providing any 
noise results, demonstrated that columnar structure appears when sputtering at 
the higher 10 mTorr pressure. The low mobility of arriving adatoms is invoked 
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recognized way to represent medium noise in a useful way. If Eq. 9 is used to 
compute transition jitter, the noise voltage used must be the maximum noise; 
moreover, it should be referred to the output of the differentiator for peak detection 
channels (i.e., the noise spectrum at the head terminals should be differentiated). 


The realization that noise is concentrated at the transition locations explains 
the linear portion of the curve in Figure 2. It assumes that the average noise power 
per transition is a constant, independent of recording density. However, in nearly 


all types of thin film media it 
is observed that the noise 
power increases faster than 


linearly as the density 
continues _ to increase, . 
peaking at some _ higher 


density. Details of the 
explanation for this effect will 
be found in the next section; 
for now, suffice it to say that a 
comprehensive understanding 
of medium noise requires an 
understanding of this effect. 


Consider now a closer 
look into the character of this 
transition noise. Figure 3a 
shows how the _ observed 
spectra look on a spectrum 
analyzer for maximum 
transition noise and for dc- 
erased noise? on a single disk 
with a thin film head and 
Figure 3b shows the observed 
spectra for a low noise and a 
high noise disk as measured 
with a ferrite head (the 
results are the same for a thin 
film head, with some 
differences in detailed 
spectral shapes attributable 
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Figure 3a: Measured noise spectra for maximum transition 
noise and dc-saturated noise on one disk. 
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Figure 3b: Measured noise spectra for maamum transition 
noise from a high noise and a low noise disk. 


3 The terms “dc-erased" and "dc-saturated" are used interchangeably to mean a track which has been prepared by 
applying, for one complete revolution of the disk, a constant, unidirectional head field sufficiently large to saturate 
the medium and erase any pre-existing transitions. 


68 


3.I Instruments 
3.1.1 Spectrum analyzers 


For the purpose of studying noise in recording systems the spectrum analyzer 
is clearly the primary instrument of choice. It measures the frequency content of the 
noise voltage and thereby provides a tool useful for gaining insight into the causes of 
the various noise processes, as well as for predicting some of the channel effects of 
medium noise. Figure 1 shows typical noise voltage spectra measured on one disk at 
two different recording densities, 3.75 and 15 MHz. The lowest curve shown (c) is 
the noise spectrum of the head and electronics alone, measured with the disk 
stopped so there is no contribution from the recording medium. 
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Figure 1: Noise voltage spectra measured on one disk using a thin film hea 
at two different recording frequencies. (a) Recorded at 15 MH 
(60 kfc1); (b) Recorded at 3.75 MHz (15 kfci); (c) Background 
noise of head + electronics, measured with disk stopped. 


Much of the spectrum analyzer’s usefulness is because the reciprocity 
relation in magnetic recording between the magnetization pattern on the disk and 
the magnetic field of the sensing head is a correlation integral as seen in Eq. 2 
(Bracewell, 1978, pp. 25 and 46).! As such it is equally well represented in either the 


1 Most discussions of the reciprocity relation assume that the integral is a convolution integral. Strictly speaking, 
however, as Bracewell makes clear, an equation of this sort is a cross-correlation integral because of where the 
minus sign falls in the argument of the magnetization term in the integrand. If the reciprocity equation were a 
convolution integral its integrand would have the form: {h(x)m(vt-x)}. However, when calculating [V()|", or 
power, there is in practice no difference since all quantities in the argument are real functions. 
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Normalized Media Noise vs. S* (ac erase) 
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Figure 11. RMS media noise voltage N,, for ac erased media normalized to zero-to-peak 
isolated pulse amplitude Sp vs. the coercivity squareness (Sanders et al., 1989). 


Speliotis argues that a film can be decoupled having low noise but still have high 
S* values from a narrow distribution of anisotropy fields (H,). This mechanism 
would explain his results of similar noise values on films with S* values ranging 
from 0.70 to 0.93. Khan observed noise to be substantially different between a CoNi 
and a CoCrTa alloy, even though they both have similar S* values. The presence 
of perpendicular anisotropy in the film may be relevant (Sec. 4.3.4.3). 


Thin-film media require a mixture of S* criteria. One wants a reasonably 
high value of S* for signal output, writability, and narrow transitions (Yogi et 
al., 1990b; Speliotis, 1990c; Williams and Comstock, 1971). On the other hand 
low noise media require uncoupled grains, which is often manifested by a low S* 
parameter. The best medium would be one with very high S*, but uncoupled 
grains for low noise (Speliotis, 1990c). The S* parameter would fail to identify 
such a recording medium. Thus, there has been a search for other measurement 
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Fig. 3. Transmission election micro graph of disk with OR = 1, 
Note that the grains are well packed. 


Fig. 4. Transmission electron micro graph of disk with OR” = 
4.26. Note that the grains are well packed. 


Figure 5 shows the overwrite dependence on the write cur- 
rent for disks with various ORs. The overwrite is seen to 
improve by about 10 dB for disks with OR > 1. This result 
is in contrast with the observation of Simpson et.al., who 
reported that OR > 1 worsened the overwrite performance 
of the disk [1]. The reason for the better overwrite proper- 
ties of the disks with OR > 1 is not clear at this point. It may 
be the resulf of a lower closing field, observed in the 
hysteresis loops of these films. An alternative explanation, 
which should be Investigated further, is that there may be 
a less side writing on disks with OR > 1. 
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Fig. 5. Overwrite vs write current for disks with various orlen- 
tation ratio (OR). 


Conclusions 
The effect of OR on recording characteristics of thin film 
disks was investigated. An OR > 1, for the films with strong 
intergranular exchange coupling, does not have any effect 
on So/N of the disk, but it Improves the overwrite pertorm- 
ance of the disk. 
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nels at the grain boundaries. Thus, both films had strong, 
magnetically coupled grains which probably dominated ine 
noise power through an intergranular exchange coupling in 
such a way that the effect of OR > 1 was totally masked. 
Our observation is somewhat different from theoretical 
modeling of Zhu and Bertram [8], in that the noise power 
did not exhibit any appreciable change when OR increased 
from 1 to 4.26. 
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Fig. 2. Isolated pulse amplitude over media nolse (So/N) vs orl- 
entation ratio (OR) at different written densities. 
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NOISE REDUCTION BY LAMINATION 


e Experimentally, it is found that very thin films exhibit 
enhanced S/N: attributed to favorable grain structure. 
However, low Mt reduces signal amplitude. 
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e A natural extension is to “stack” thin layers to form a 
laminated structure to regain Mt and reduce noise: 


(Howard, Sanders, Lambert and Ahlert, to be submilted to Intermag ‘90) 


Media For MR Application 


(Supplement) 


he 


MR heads are flux sensitive devices, therefore more susceptible to noise. 


Requires lower film thickness (M_t), .. more difficult to control 
properties. On the good side, easier to get higher coercivities. 


MR device 1s sensitive to electrostatic discharges, .. grounding of 
equipment and operators 1s important. 


Hard 'asperities' on the media can cause spikes in the output due to rapid 
thermal changes. This can be corrected with feedback amplifiers. 


Multilayered media:- equipment limited, also should be optimize for the 
No. of layers. 


Reduced track width and bit length place a constraint on the allowable 
size of surface imperfection. ... reduce debnis, handling etc. 


MR media more appropriate on alternative substrates (glass, ‘canasite’) 
since they offer lower "glide height". However magnetic properties are 
not as good as AI/NiP due to Cr growth and heating differentials. 

One solution is to pre-coat the substrates. 


Media for MR Heads 


For MR heads media noise is of prime i ica owing to over 10 fold 
amplification. 


"What used to be appropriate for the 80s" 
may no longer apply for 90s:- 
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« Transition noise. This is the dominant noise source for thin film media. 


I) Coercivity Squareness, S*. 


The role of macromagnetic properties, such as 'S*', have to be 
reassessed. 
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Reverse erase noise vs S* for a variety of thin- 
film media.(R. M. White) 
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Defect Reduction 


Increased area density results in narrower tracks and closer 
bits; critical defect sizes are reduced proportionately. 


Potential defect sources include substrate scratches, 
processing scratches, debris shadows, blisters or 
delaminations, sputter shadows and handling damage 


Critical defect size is declining rapidly at 60% areal density 
growth rate. | 


Environment, equipment, process and materials are issues. 


Handling and cleanliness are extremely critical 
- Cleanrooms 
- Gloves, clothing 
- manual versus automatic handling 


Dan Malone, IST, 7/24/96, (scudeftl.doc) 


SNR and bit cell size 


SNR vs tpi (W= track width) 
So W, N? o W therefore 


SNR, o VW o I/Jpi 
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Dan Malone, IIST, Lake Arrowhead, October 1996 
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The bandwidth, B, is the bandwidth through which the measurement is made and is 
generally wider than the 3 dB bandwidth normally used to characterize actual filters, 
Johnson noise has a gaussian amplitude distribution. This is illustrated in Figure 
1(a). In the frequency domain Johnson noise is white (Figure 1(b)). These 
properties allow for a convenient measurement and description of Johnson noise. 


(a) 


Amplitude 


Time : Distribution 


() 


Amplitude 


Frequency 


4 


Figure 1. Random (Johnson) Noise: (a) Time domain, (b) Frequency domain. 
| » 

Noise from thin film media differs in important ways from that of particulate 
media. One difference has to do with stationarity. “ Suppose a function, N(t), 
describes a noise voltage with respect to time. If either the mean or any higher order 
moment of N(t) is time (or space) dependent, then the noise is non-stationary 
(Bendat and Piersol, 1980). For media noise the second moment, the variance, given 
by: . 


f. 
y2(t) - Lim. = fn? (e)'Ge (2) 
0 ; 


Magnetic 
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Noise 


The Essential Problems of 
Magnetic Recording 


1. Reliably Achieving the Ever-Decreasing 
Head to Disk Spacing. 


2. Improving Error Rate with an 
Ever-Decreasing Magnetic Signal. 


3. Positioning the Head with Ever-Decreasing 
Speed and Precision. 


Track Density Short Course, 5/22/98, IIST, Dan Malone (scunois2.doc) 


Signals, Distortion, Interference and Noise 


SIGNAL (desired waveform that we want to read) 
e.g. ideal PR4 waveform or peak-detect signal 


DISTORTION (average difference between what we get and 
| what we want) 

- Linear: intersymbol interference, linear peak-shift 

- Nonlinear: Asymmetry, NLTS, Partial erasure 


Interference (unwanted signals or other garbage) 
- adjacent track or old information 
- poorly overwritten old data 
- electromagnetic interference (EMI) 


Noise (unpredictable random perturbations) 
- thermal (Johnson) noise from head and preamp (AE) 
- domain instability (Barkhausen) in ind. and MR heads 
- media noise (transition-noise and dc-erase noise) 


Track Density Short Course, 5/22/98, IIST, Dan Malone (scunois2.doc) 


The Principal Noise Sources 


o Media Noise 


o Electronics Noise 
o Off-track and adjacent track noise 


o Electromagnetic interference 


In well engineered systems, none of these is 
negligible 


Track Density Short Course, 5/22/98, IST, Dan Malone (scunois2.doc) 


Electronics Noise 


o Johnson Noise (from the real part of the head 
impedance as seen at the amplifier input) 


0 Plus the equivalent noise resistance of the read 
head preamplier | 


o Tends to be a voltage proportional to 
(bandwidth) °° 
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Media Noise 


The only fundamental Noise 


Related to the granular nature of 
ferromagnetism 


For independent particles: 


media S/N ~ N the number of particles 
in a bit cell 


With particle interactions: 


exchange coupling increases noise at 
the transition, decreases noise in 
saturated areas 


magnetostatic coupling decreases noise 


The fundamental limit on media noise Is 
particle size. 


Track Density Short Course, 5/22/98, IIST, Dan Malone (scunois2.doc) 


J ohnson Noise of 


MR Heads 
0.9 
I= 10 mA 
Pee 
j = 1.3 x 107! A/m? 
Ny 
(nV/rtHz) 
i 
0.3 
1 2 3 4 


h (um) 


Head and Preamp Noise Voltage 
Spectral Density 
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Johnson Noise of 


MR Heads 
78 4k T (R + R,...,) 
R = R, (1 +Q AT) 
rR = aren AT 
§-| h 
= 1.38 x 107° Joules/K Rieas= 2 Ohms 
= 296 K t = 300 A 
= 25 x 10° Ohms-m g = 0.2 um 
= 0.003 K™! . he=2.5 um 
= 0.75 Watts/m-K w = 4 um 


At T=296 K and with 10 ma 


R = 19.1 Ohms AT = 


= 19K 
(GD 


HEWLETT Simmons 
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—— Media Noise with 
MR Heads 


If sensitivity to Signal Flux is improved 
then sensitivity to Media Noise is also. 
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Side Writing 
Side Reading 
Erase Bands 
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shoulder P2 shoulder P? 


t height oF 


zero throat —— 


(a) TOP VIEW (b) ABS VIEW 


Before and after 
pole trimming 
. {a) Pole-tip shoulder created dunr.g pole tnmmung. (b) Pole-tip 
gcometnes before and after tnmmuing viewed from the au bearing surface. 


(a) 


Normalized Output 


(b) 


Normalized Output (dB) 


-20 0 20 


Offtrack Pozition (um) 


Microtrack profiles of {rmmed heads with shoulder heights 
ranging from 1.8 to 6 ym. (a) Linear scale, (b) Loganthm scale. 


FIGURE 7 
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Offtrack Characteristics of Shielded Magnetoresistive Head 


Tetsuhiro Suzuki, Yoshihiro Motomura and Katsumichi Tagami 
Funcuonal Devices Res. Labs., NEC Corp., Kawasaki 216, Japan 
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5 -20 | 
a | 
_ PLATEAU 

4o} perm atte 

EFFECTIVE PLATEAU WIDT 
-50 = 
-0 -40 -20 Q 20 40 60 


DISPLACEMENT ( um) 
Fig.2 Offtrack characteristics for shielded MR head. 


IEEE TRANSACTIONS ON MAGNETICS, VOL. 27, NO. 6, NOVEMBER 1991 


SPATIAL DISTRIBUTION OF OVERWRITE INTERFERENCE 


IEEE TRANSACTIONS ON MAGNETICS. VOL. 26, NO. 5. SEPTEMBER 1990 


ON FILM DISKS 
Dean Palmer and Jamcs V. Peske 
Compact Storage Lab 
IBM Corporation, Rochester, MN $5901 USA 
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Figure 5: Remaining Fl Amplitude after Overwnte with 


21° for Fernte Head as Function of Wntc Current. 
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Figure 6: Remaining Ff Amplitude after Multiple Overwnies 


with 2 for Fernte [ead as Function of Wnte Current. 


MAGNETORESISTIVE HEADS | 


PHYSICAL STRUCTURE : 
- Thin layer of NiFe between two large shields 
- Separate write element - usually wider 
- Resistance changes with angle of magnetization 


BIASING, IMPEDANCE, SENSITIVITY 
- needs magnetization biased to correct angle - & stabilized 
- needs bias current flowing to sense resistance change 
- almost purely resistive impedance, 10 - 100 ohms 
- much more sensitive than inductive head 
(especially at low velocity - senses fields directly) 


NONLINEAR DISTORTION 
- MR transfer function saturated a ends of range 
- incorrect bias angle leads to pulse amplitude asymmetry 


SIDEREADING: MR VS. INDUCTIVE 
- Inductive heads have extended response at long wavelengths 
- MR heads have wavelength-independent response or “skirt" 


DOMAIN-WALL INSTABILITIES 
- Inductive heads show "popcorn" noise after writing 
- MR heads can end up in quasistable states after writing 


THIN-FILM MEDIA 


PHYSICAL STRUCTURE 
- Thin, very-unitorm, high-moment cobalt alloy 


TRANSITION-SHIFT DISTORTION 
- Transitions displaced from correct positions as 
they are being written | 
- Caused by demag. fields from previous transitions 
or by poor field risetimes in the head 


OVERWRITE 
- Associated with shifts in positions of new transitions 
caused by demag. fields from old data 


TRANSITION NOISE 
- Noise in thin-film media 1s localized around transitions 
- Noise is very low in fully magnetized regions 


EDGE EFFECTS, SIDEWRITING 
- Writing off the side of the head is like writing at 
a large flying height 
- Poor resolution, large phase-shifts & transition-shitts 
- High noise, poor overwrite 


94 


. (1986) was the first to report on observations of this type of noise. Using a 
technique of digitizing and averaging the readback signal and subtracting signals to 
simulate different widths of readback heads, he found that the recording process 
induced a narrow band of noisy magnetization along the track edges. (Figure 11) 
He also found that the width of this band of noise seemed to be independent of 
track width. As a result, 
although it constitutes a small {8x10 
fraction of the noise 
contribution for wide tracks 
(>10 um), as track widths are 
reduced this noise would 
contribute an _ increasing 
portion of the total‘ medium 
noise and eventually (at, 
perhaps, 1-2 4m head widths) 
most medium noise would 
come from the track edges; 
further track width reduction 
would not reduce medium 
noise any more. 


The character of track 
edge noise is significantly 
different from transition noise. 
Work by Muller, et. al. (1990) 
and Indeck, et. al. (1991b) has 
shown that track edge noise 
arises not from magnetization 
fluctuations caused by a head- 
on wall, like a transition, but 
from a_ different process. 
Assuming that a _ recording | 
disk’s surface has been Position (microns) 
prepared by dc-erasing the 
entire surface in one direction, Figure 11: Plot (a) shows the rms noise voltage vs. position 
as is typically done during as a 12.5 4m wide read is scanned across a 28 um 


an foci | th wide track. The noise is measured with a 
FIVE SO GUMIACTOES OU ee spectrum analyzer. For comparison, a plot of 


RMS Nolse 


track edge the magnetization signal vs. position is also shown. Plot (b) shows 
on- and off-track will be either the edge noise component obtained from the 
parallel or anti-parallel for total by subtracting the dc erased and transition 

noise. (Amplitudes are arbitrary.) (Yarmchuk, 


alternating bits. Even if the 


see 1986 
disk has been left in its virgin 


Erase Bands - who needs them ? 


- Erase bands exist at the edges of all written tracks. 
- Servo system would prefer no erase band. 


- Data handling systems work best with an optimum erase 
band. 


- Erase bands are determined by the magnetic and physical 
parameters of the heads, disks and recording channel 
electronics. 


- Magnetic Fly Height 

- Write head geometry’s (gap, pole thickness, 
throat height, shape, edge sharpness) 

- Disk coercivity, orientation, squareness,... 

- Write current and write current risetime. 

- Slider skew 


Dan Malone, IIST, 5/22/98, (scueras1.doc) 
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Erase Band and [ransition Charge - Model and \IFM 


M. IR Madtson. TC. Arnoldussen. TY. Chang. RoW Wood. and FD. Seott EH 


IBM Cor. SSD. San Jose. Ca 95193 


Abstract - The three-dimensional magnetic vector field for a 
magnedic recording head with unequal pole width is used as an 
input to a Owo dimensional extension of the Williams Comstock 
model to calculate transition charge, erase band widths, and to 
simulate magnetic force microscope images. Modeling results 
are compared (o MFM imayes. 


I = INTRODUCTION 


The current trend toward higher areal density in magnetic 
recording underlines the need for accurate modeling of the 
“side-erased bands” and the shape of the transition charge at 
the track edge. The “side-crased bands” function as guard 
bands between adjacent tracks. The shape of the transition 
charge affects the pulse shape versus track offset. 
specifically the linearity of the Position Error Signal (PES) 
versus track offset. 


The Magnetic Force Microscope (MFM) ts gaining 
acceptance as the industry tool for examining the shape of 
the written transitions. The MFM measures the vertical 
component of the magnetic field (//,. ) or tts vertical 


derivative dH a dy from the media charge density. A 


two-dimensional extenston of the Willrams-Comstock 
model [1] 1s used to calculate the charge density. which 
leads to the calculation of A. or dH. / dv. The charge 


density calculation and the measured MFM image 
complement each other to validate our understanding of the 
write process. We will trace this process to increase our 
understanding of the erase band and the charge density 
shapes. We have combined a three-dimenstonal magnetic 
vector tield from a Finite Element Field (FEF) calculation 


LE PT EP ee ae age age 


Fivure | Plotof constant Held magnitudes (2D) contours and tn-plane vector 


field 


ofthe writing head with unequal pole widths, with a two 
dimenston Williams-Comstock madel to calculate the 
transition charge shape. and the erase bands. We have 
simulated the MFM tmages and compare these with the 
measured MPM images. This results ina sunple picture of 
the erase band. 


IT WRITE MODEL 

If we assume we have a sharply written transition wath 
charge p=o VedACx') a distance “a” below a surface. 
where 6 ts the media thickness. A/,is a sharply written 
transition, x ts along the track direction, z is perpendicular to 
the track direction. and y is perpendicular to the magnetic 
film surface. Then the vertical component of the HT field is, 


ar ; a 
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fae ae eee a1) 
¢ ] s 5 eae 
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Ifthe charge isa dine segment of width W. along the z 
direction, we can easily do the integration. resulting in: 
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The charge density times the film thickness is exactly equal 
to twice the vertical component of the H field. so we use 
equation 2 to calculate the charge density tn the medium. 


The Williams-Comstock model assumes the transition 
contour fs written where the trailing head field ts equal to 
the remnant coercivity of the medium. The Williams- 
Comstock model assumes the competition between the field 
wradient of the head and the demagnetization effects of the 
transition results in an are tangent transition perpendicular to 
the transition contour, At each point on the transition 
contour, magnetization is characterized by a local “a™ 
parameter. Where the magnetization ts: 


M De 
M(x) = 2 —aret e 
t a) 


(sJ 


Nae 


(Microns) 


74" 


Bd 1.4 -| “4.5 (0) 
Radial Direction (microns) 


Figure 2 Williams-Comstock "a" (Solid). also shown contour of the 
transition (Dashed) 


The divergence of M ts: 
di 2M, a 


) 
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This ts the same charge distribuuion which results from 
Equation ( 2) for an infinitely long charge. Therefore. we 
can think of the Williams-Comstock model as resulting from 
a sharp charge a distance “a” below the magnetic surface. 
This is the fundamental concept in Reference [1]. 


~The write model is based on Reference [1], with several 
somputational modifications. We assume we can break the 
written charges info two components: The first ts the charge 
density written on the coercivity contour during the head 
neld reversal ( the (ransition charge). the second is due to 
the magnetization rotation left in the media as the head 
moves away from the transition. Figure | shows the field 
direction and constant field magnitude contours. Notice the 


field direction is largely perpendicular to the contour right of 


the “cusp” in the field maunitude contour, and left of the 
“cusp” the field direction has large components along the 
constant field contour. At the transition the charges 


perpendicular to the freld magnitude contour result in what 
we call the transition charge. After the head reverses 
direction, writing the charge transition, the head fields are 
dragged along until the next transition is written. The 
dragging head flelds leave the in-plane magnetization 
pomting mn the direction of the head fleld between the 
transitions. A maunetic charge results from the rotation of 
the magnetization in the direction perpendicular to the head 
motion. In these calculations a vector head field from a FEF 
calculation is used instead of the Lindholm field model of 
Reference [1]. Instead of the convolution tntegral in 
Reference [1] Equation (2) ts used to calculate the charge 
densities and the vertical magnetic fields they produce. 
“rst. We present the calculation of the transition charge. 

he FEF calculation of the writing head field ts used to 
calculate both the location in the media where the magnitude 


Figure 3 tsolated Transition MFM on DC erased background Model 
contour overlaid on transitions. 


ofthe in-plane trailing head Meld 1s equal to the remanent = 
coercivity, and the direction of the head field along this 
contour. Inthe head model the Pl pole ts much wider than 
the P2 pole. The head model ts used to calculate the 
magnitude and eradient of the head field perpendicular to 
the coercivity contour, The fleld gradient ts then used to 
calculate a local Williams-Comstock “a” parameter. The 
Williams-Comstock “a” parameter is calculated using the 
actual field gradient. rather that the Lindholm Meld used in 
the ortginal paper. The local component of the head field 
perpendicular to the constant coercivity contour is cambined 
with the local “a® parameter to calculate the transition 
charge density Computation of the transition charge density 
is accelerated by breaking the transition into an equivalent 
set of line segments placed a local distance “a below the 
surface. as in Equation (2). The charge on the line segment 
is (ice the magnetization times the cosine of the head field 
angle with respect to the perpendicular to the contour. For 
each line segment this model has two independent 
components. local "a". and the magnetization divergence. 


Figure 4 Simulated Isolated Transition MFM 


Figure S Three Tracks with center track overlaid. 


components, local “a”, and the magnetization divergence. 
The components tn Equation (2) are rotated for each line* 
segment of charge. In addition to the charge distribution we 
get the Hy field from the media. dHy/dy can be easily 
calculated by differentiating Equation (2) with respect to y 
and summing over line segments of the constant coercivity 
contours. The rotation charge is calculated in a similar 
method to the transition charge. The head field gradient 
perpendicular to the head motion is used to calculate a 
Williams-Comstock “a™. The rotation charge left in the 
media ts dH, /dz. For media magnetization M, . and the 
head field perpendicular to the direction of motion . H_, the 
divergence in Equation (2) is set equal to 

Me (dH. / dz) / ff,. The integral in Equation (1) can 


then be approximated by a sum of dx*Equation (2) where 
the line charges are tn the direction of motion. 


MFM's are set to measure either Hy or dHy/dy. dHy/dy is 
easily calculated by taking the derivative of Equation (2) and 
then setting y to the tip height above the surface. The charge 
density of the media is calculated by setting y = 0. 


Figure 2 shows the local “a” parameter and the constant 
coercivity contour. Notice to the left of the cusp the “a” 
increases. This is the result of the low head field gradient 
perpendicular to the contour. A large ‘a “results in a diffuse 
effective charge. and a low charge density. and hence the 
erase band. The large “‘a™ ts a result of the head fields 
having large components along the coercivity contours. A 
second contributor to the erase band ts the magnetization 
rotation to the outside of the cusp of the transition region. 
Figure 3 shows an isolated track MFM measurement with 
the constant field magnitude contour equal to the medium 
coercivity, Figure 4 shows the simulation of the MFM by 
plotting the dHy/dy fields and assuming the tip ts 30 nm 
above the surface. The image simulation ts not convolved 
with a up transfer function. Figure 5 shows the MFM scan 
of the high density triple track pattern and the erase band 
overlaid with the constant coercivity contour. Notice that 
the contour ts consistent with the observed erase band tn the 
media. The field contour accurately predicts the charge 


ior? | atone 


density contour and the erase band. Figure 6 ts the 
simulation of the triple track measurement. Figure 7 shows 
the direction of the magnetization. the constant coercivity. _ 
and lines delineating the “erase band” and the “transition 
charge”. In this model the erase band results from the same 
constant field maunitude contour, however, as the 
simulation shows, since the effective “a” parameter is large 
and the magnitude of the local gradient of M is small (a 
result of the field lines not being perpendicular to the 
transition), the resulting charge in the erase band region ts 
sinall. In addition. if the head is skewed, the erase band on 
one side increases while the other side it decreases. 
consistent with the measurements in Reference [2]. The 
asymmetry in the charge density resulting from skewing the 
head ts discussed in Reference [3]. 
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Erase Band 


“Transition” Charge 


Figure 7) Magnetization vector field ata transition. “Erase band” and 
“Transitii Charge” sections of the constant coercivity contour delineated. 


Erase Band 


Erase Band "Transition Charge 


-1 05 0 05 ! 
= Willams/Comstock “a" 
“= Transihon contour 


re 


MFM - Experiment and Simulation Low Density _| 


Isolated Transition MFM on DC Erased 
Background. Model contour overlaid on 


Simulated Isolated Transition MFM. 


transitions. 


MFM - Experiment and Simulation Triple Track. 
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Simulation of MFM high density Triple 


Three Tracks with center track overlaid. Model 
transition contour over laid on transitions. 


Track. 


OFFTRACK POSITION(Y jem) 


Il) Reduce head pole asymmetry. 


WRITE FACTOR = 3 

e@ --— SYMWAATRICAL POLE-TIPS 
o -—- ASYMMETRICAL POLE-TIPS 
NORMALIZATION BY WRITE CAP 


ee 
of 


ee 


Os 0.2 0.3 0.4 0.5 0.6 
NORMALIZED FLYING HEIGHT 


NORMALIZED SIDETRACK WIDTH 


Sidetrack width vs flying height for symmetnical and asymmetrical heads. 
(Ching Tsang) 
Note that reducing head-disk spacing does not have much effect. 
However, reducing pole-tip asymmetry reduces side-track width 


considerably. 


OFFTRACK POSITION(um) 


DOWNTRACK POSITION(X perm) DONWTRACK POSITION(um) 
a) Non-Ideal case (unequal P1 and P2 ) b) Ideal case (equal P1 and P2) 
The contours are highly asymmetrical about Here 0.3 contour, e.g , extends only 


the gap center &_extend further into side track 0.1 pum, vs 2.4 um of non-ideal case. 


O> 


Conclusions: 


1. Erase bands results from the large effective “a” parameter, 
a result of the field lines not being perpendicular to the 
transition. 


2. MFM’s are effective in —— Model. 


3. Contours show why head ania: results i in asymmetrical 
erase bands. 


_ Side Writing in Isotropic Longitudinal Thin Film Media 


Mapnetization Pattern Magnetic Pole Density 


O No edge transitions in side-written band 


O Side-written band behaves like an erase band 


O Edge erase band suppresses intertrack 
interference. 


Side Writing in Well Oriented Longitudinal Thin Film Media 


Magnetization Pattern Magnetic Pole Density 


O Edge transitions in side-written band 


O Edge transitions introduce phase shift 


O Edge transitions enhances intertrack 
interference. 


LSDMAFM Images 
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LSDMAFM Images 
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IV) Off-track Performance 


This is characterized by the distance the head can move off track before 
some specified unacceptable error rate is reached 


« Itis affected by read-to-write head alignment. 


iCenter Line 
7 oe 
LZ Trailing Pole (P2) 
ZZ Leading Pole (P1) MR Sensor 


(b) 
~~ SEM Physical Offset 


ee ee EEE Lead Inductive 
MR | 

tof 
| 

, Track 7 

Physical—m = Center t t ae 

Center 

Magnetic 

Center 


e Note that some well-controlled, intentional read/write offset which 
compensates for ‘magnetic center’ shift may be necessary, as is 


indicated above. However, too much misalignment can be detrimental. 


e Excessive misalignment can lead to: 
a) additional mechanism for track misregistration (IMR). 
b) reduced signal amplitude (due to anisotropic flux propagation 


along the directions perpendicular to bias magnetization in MR 
stripe). 
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¢ Second harmonic suppression is also strongly a function of head 
position: 
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2nd Harmonic Suppression (dB) 


-10 -5 8) /_ > 10 
Head Position (um) 


Second harmonic suppression of a-4 um DSMR read/4.5 um write 
head with respect to cross-track position. Linear density=10 kici. 


¢« Keep the flux into the stripe low to avoid saturation. 
a) Keep Mrt low, and 


b) keep gap thickness low. This 1s limited by sensor-to-shield shorts. 


These also improve resolution. 


: Keep sensor stnpe thickness high, therefore, need more flux to saturate 
the stripe (this may reduce amplitude and resolution). 
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WRITE CURRENT 60 mA 
P2¥ 3 «wm 
MRL 1 yarn 


PiW-P2w 
© === 2.25 pm 
6 --- 0.50 um 


NORMALIZED OUTPUT 


-6 —4 | 0 4 8 
OFFTRACK DISTANCE(szm) 


Track profiles of normal vs ion-milled gigabit write heads. 


Reducing the upper pole tip to lower pole tip difference to 0.5ym 
significantly affects the signal profile (broadening)below -20dB.(C. Tsang) 


b) Read-head resolution: 


¢« Fora shielded MR head the track resolution (ubility to resolve closely packed 
tracks) 1S limited by the side reading behavior of the sensor.(flux from the 
neighboring tracks is guided from the tail of the sensor to the center). 
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OFFTRACK POSITION(urn) 
MR head microtrack profiles for different head-disk clearances. 


Evidently, the width of track profile is not much affected by flying 
height. It is better to use short MR sensors => may run into domain noise 
_ problems. Alternatively reduce permeability of the tail regions(P.E.B). 
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( A larger version of this illustration is available.) 
The signal amplitudes across a track for the one- and three-gigabit-per square-inch heads indicate how 


narrow the track profiles are for these advanced MR heads. Three billion bits per square inch will result in 
a data track profile roughly two microns from the center. IBM leads the world in the manufacturing 


Servo: 
Track Following 
seeking 


Head Positioning 


Two requirements on head positioning: 


Track Following Track Seeking 

- Sources of track position variation - For minimum access time 
spindle bearing runout use Maximum power 
disk deflections max accel / max decel 
electronics | bang-bang servo 
servo samples design involves choosing 
erase bands switch point. 
hooks 

- Mechanical disturbances 
windage 


carriage bearing friction 
vibration and shock 


Importance of Servo System 
o Access Time 
o Track Density 
o Positioning accuracy 


o Robustness and Reliability 


Dan Malone, IIST, 6/28/97, (scusrvo2.doc) 


TRACK MISREGISTRATION 
SOURCES 


POSITION 


MID 1998 
10000 TPI 
100 uin TRACK WIDTH 
12 uin TYP. CHANNEL 
OFFTRACK CAPABILITY 


SERVO SETTLING: SCALES WITH TPI 
MECHANICAL DYNAMICS: 


‘. | / DON'T SCALE WITH TPI 


HYSTERISIS: 
DOESN'T SCALE WITH TPI 
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Figure 8. Mechanical and Servo system transfer functions and gain. 


Shows mechanical and compensator (electronics) transfer functions. 
The product of these two ts the open loop transfer function. which is drawn to show 


the potential gain limit due to resonances. 


The error function ( inverse of open loop tfn atlow frequencies ) is also shown in 


fig 9 
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Figure 9. How Gain determines TMR of mechanical disturbances 


Bearing non-repeatable run-out is used as an example to show how the servo 
reduces run-out and also what the limitations are. The same methodology is used to 
optimise the servo to reduce the other vibrational disturbances of head tracking. 
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Track 
Misregistration 
(TMR) 


TMR - Track Misregistration 


- “Static” 
o Thermal expansion 
o Creep 
OLoose Parts .. 
o Shock Damage 


o Servo Positioning Errors 
(can be multiaxial) — 


- “Dynamic” 
o Seek arrivals and overshoots 
o NRRO, non-repeatable .runnout 
o External Vibration 
o Resonances (Mechanical or Electrical) — 
o Interference from other drives 
o Electrical noise 


o Magnetic center shift from MR heads — 


Dan Malone,-HST, 7/28/97; {scutmri.doc) ~ 


Track Width Considerations - Heads: 


This is a read-head and write-head problem. 
- TFI requires a compromise between read and write 
- MR gives freedom to individually optimize (somewhat) 


- Tradeoffs still required for optimum solution 
(resolution vs writeability) 


Nominal values as well as tolerances must be considered. 


'- Large tolerances will cause width nominals to be 
narrower 


- In some cases, tolerances may prevent a solution for a 
particular design point | 


- Stripe height and throat heights will affect ann 
magnetic widths 


For MR heads, the alignment of read and write elements is 
éritical and affects drive performance. 


- Additional mechanism for track misregistration (TMR) 
- Increases requirements for microjog 


- Can affect signal amplitude and cross track asymmetry 


Dan Malone, IIST, 7/24/96 (scutrwl.doc) 


Head Positioning Definitions: 


Old Information: Any write operation leaves some old written data on either side of the 
newly written track. This is due to side writing and mis-positioning at the time of wniting. 
The capability to read off-track in the presence of old information (and other noise 
sources) is often referred to as OI capability. This can be measured on a precision test 
stand or at the drive level. 


Adjacent Track Interference: Data on the track of interest can be corrupted by the | 
adjacent tracks. This can come in two forms: reading and writing. In the read mode, the 
adjacent track can sometimes be read eyen if it is not physically under the head due to side 
reading effects. In the write mode when the adjacent track is written, there may be an 
overwrite of the track of interest. This is often referred to as a “squeeze” from the 
adjacent track towards the track of interest. Both of these effects are affected by the 
positioning accuracy and TMR parameters. 


747 Curve: Named for its shape which resembles a 747 cockpit, the curve results from a 
test to find the off-track capability when reading over previously written data and with an 
adjacent track wmitten at a variable distance. (We will show how one gets the curve later) 


Write to read track misregistration ([MRwr): This is the mis-positioning of the head 
over the track of interest .as a probability density function (PDF or histogram) It is due to 
errors in the positioning system of the drive. It is the convolution of the mispositioning of 
the head and the written track so it is 2 wider than the mispositioning of the head alone. 
While often represented as a gaussian distribution, it usually has long tails. 


Write to Write track misregistration (TMRww): This is the mis-positioning of the 
adjacent track from the nominal position of the read track. It 1s also represented as a PDF 
or histogram. It includes errors in the servo-written track spacing as well as the 
positioning errors due to the drive. Again this is the convolution of two distributions. 
‘While often represented as a gaussian distribution, it ususlly has long tails. 


Optimum Track Density: The optimum track density is the density at which the error 
rate will be adequate for the product applications. When there is an optimum, it is a 
compromise between off-track and adjacent track considerations. (more to come on this 
topic) 


Dan Malone, IIST, 7/24/96, (scutmr2.doc) oe 


Complications Summary 
0 Data Banding 
0 Read/Write Offset 
o Rotary Actuators 


o Sector Servo 


Dan Malone, IST. 6/28/97 
(scutmr4.doc) 


Track Density Impacts 


Track Misregistration 


- Settling 

- Dynamics 

- Runout 

- Hysterysis - 

- Quantization 


MR Unique Items: 
- Read/Write offset 
- Cross Track Linearity 


- Track center stability 
- Net: Good design required 


Dan Malone, HIST, 7/24/96, (scutmr3.doc) 


IBM Storage Systems Division ___— Manufacturing Operations 


DISK DRIVE 


TECHNOLOGY ~ 


Spindle Assembly, Maxtor XT-1000 ¢«; 


NRRO - NonRepeatable Runnout 


- Caused primarily by spindle motor bearings 
- Is often affected by the quality/sophistication of the servo. 


- Sampled servos cannot remove the higher frequency 
components. | 


- Can be affected by mounting method 


- One of the major components of TMR 
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Dan Malone, IIST, 6/28/97, (scunrrol.doc) — 


Seeking considerations: 


- Designers try to minimize the seek times to maximize 
performance. 

- Seek arrivals are not always “pretty” 

- When is it okay to read? 


- When is it okay to write ? 


- Data Integrity is of utmost importance. 


Dan Malone, UST, 6/28/97, (scusrvol.doc) 
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Sector Format - ; 
Aavantages:. 


e More Disk Space For Data Storage 
(ID Fields to Electronics, Write to 
Read Recovery Eliminated) 


* Improved Formafting Efficiency 


« Potential To Reduce ECC Bytes 
(Eliminates ID Field Disk Errors) 


e Potential To Increase TPI a 
(Based on MR Head R/W Offset) —ismAdvoncedTechnobgy | 
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» For the element on the right (Az > 0) the signal field is generally 
orthogonal to the MR bias magnetization. .* forgue on the © 
magnetization is large. 


« As the element is moved off-track towards Az < 0, at a specific location 
the field is approximately parallel to MR magnetization minimizing the 


e- 


© Ontrack (Az = 0) the response is not the largest due to non-uniforth 
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Typical Suspension Resonance Modes 


Numerous Modes 


Off-Track Most Troublesome 


IEM November 20,1992 (Celia E. Yeack-Scranton ) 


First Torsion Mode - 


« This mode has a significant influence on off-track errors. 


« Radius length, load beam width, rail design, and material thickness have 
a significant influence on this mode. 


T-1950 (14U Rail): First Torsion Frequency = 2040 Hz 


Second Torsion Mode 


_« Like first torsion, this mode also contributes to off-track errors. 


© e.“Radius length, load beam width, rail design, and material thickness have 
~. a significant influence on this mode. 
a oe | : 7 
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T-1950 (14U Rail): Second Torsion Frequency = 5633 Hz 
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Smart shock sensors preserve 
data integrity in hard drives 


Lloyd Levy, Micropolis Corp. 


hard drives has been achieved 
through steady advances in 
head technology and digical 
servo positioning systems. The former has yielded 
higher bit densities; the latter, higher track densities. 
Drive makers have arrived at the point where each 
new advance represents some kind of technical feat. 

For example, as the track pitch falls below 200 pin, 
maintaining the data heads within acceprable limits 
of track center under shock conditions is a significant 
technical challenge. A shock of fairly short duration 
(under 5 ms) can knock the head off track, affecti 

data integrity—the seriousness of the shock depends 
on whether the off-track motion occurs during a read 
" OF write operation. 

Shock or vibration during a read operation may 
cause a soft error, that is, the head may read dara on 
a a a 


batedey cr rae is Sls Si toe ght ae i 5 Sooke tat ie an 2 ot Ed 
i : ee 


he high capacity of today’s’ 


‘ 


information contained in the data indicates an 
invalid read, causing the data to be reread. The data 
can be fully recovered through repeated reads, and 
data throughput is only briefly affected. 

On the other hand, if the head is knocked off track 
while data is being written, the data that's overwritten 
is permanendy lost. 

This type of error (i.¢., a hard error) is not recover- 
able (see Figure 1). 

An ideal position servo would stay on track center 
at all times. However, practical systems aren't sufh- 
ciently stiff to stay on track center when the shock or 
vibration lasts for only a few milliseconds. _ 

An alternative is a system that detects a potential 
off-track excursion and then prevents data from 
being written before the head moves off track. 
Standard digital servo systems have sample intervals 
in the 40- to 150-+1s range, thus they are unable to 
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he current 60-MHz version has 3-W power 
d was fabricated with 0.5-um CMOS technology. 
if 66 and 75 MHz will also be available. 
\ultimedia authoring chip set (CLM440) consists of 
plus software. It meets the full MPEG-1 requirements 
)1 specification for MPEG-2. 
4720 set for storage encoding (e.g., for video file 
ve chips and uses variable-bit-rate (VBR) encoding to 
requirements by 20 percent. It supports both NTSC 
zital video formats. The most expensive chip set 
targets broadcast encoding and is based on seven 
sor chips plus software. 
s the full MPEG-2 standard and features low data 
rates—an essential feature in broadcast applications 
fidth is expensive and limited. 
C-Cube's early entry into the MPEG encoder business 
: Company an impressive roster of customers, induding 
IV and satellice-communication heavyweights (such 
is Compression Labs, COMSAT Labs, and Scientific 


Cube had a head start in the fledgling MPEG-2 
kets for multimedia PCs and DVD recording. Acoor ing 
Mele, executive VP for sales and marketing at 
"The reduced chip count and lower power requirements 
3C-3 provide new opportunities for delivering MPEG-2 
on the PC platform.” 


The lower prices and improved performance of the new chip sets 
should allow C-Cube to maintain its market momentum. All three 
chip sets are sampling now, with full production scheduled to begin 


sometume this quarter. —M.E. 
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DEMONSTRATION OF 500 MEGABITS PER SQUARE INCH 
WITH DIGITAL MAGNETIC RECORDING 


Roy A. Jensen, Joost Mortclmans and Robin Hauswitzer 
IBM Corporation, Magnetic Recording Institute, San Jasc, CA 95193, U.S.A. 


Abstract - This paper describes the testing and modeling 
methods undertaken to demonstrate and verify an areal density 
of 500 million bits/in. with a combined inductive, thin film 
write head and a magneto-resistive read head on an advanced, 


state of the art thin film disk. The linear density was 100,000 


bits/in. (3937 bits/mm), the track density :-was 5,000 tracks/in. 
(196.9 tracks/mm) and the flying height was 2.5 sin. (64 nm). 


INTRODUCTION 


The IBM Magnetic Recording Institutc sct an objective to 
demonstrate an areal density of 500 million bits/in? (3937 
bits/ mm?), in an environment where the most aggressive pro- 
ducts were just approaching 100 million bits/in2. The criteria 
for success were set as: a flying height of 64 nm (2.5 yin.), 
with a 30 write-to-read track misregistration (TMRw/r), 
including read-write misalignment, of no less than 760 nm (30 
pin.) and a total raw soft error rate- (SER) of 10 
(errors/byte). The flying height and TMRw/r critcria were 
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Figure 1: Normalized, equalized.and unequalized isolated pulses. 
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selected as obtainable mid-ninetics product objectives. This © 2.0 
paper describes the characterizations of the head, disk and eS 
channel, the linear and track density measurements, and the P15 
test and modeling methodologies used to verify the soft error a. 
rate and TMRw/r for the measurements made. F - 
: 1.0 
© 
COMPONENT CHARACTERIZATIONS ao 0s 
The narrow track recording head was a combination fa 5 
thin-film inductive write element and a magnctoresistive read pos 


element. The rcad head was similar to the type described in 
paper[!]. The head gap was .4 wm and the clement width 
was 3.6 4m. The recording was donc on a CoPtCr thin-film 
disk, similar to the type described in paper[2], but with a 
. coercivity of 1335 Oc and remanence-thickness product of 
8x10 emu/cm?. Many of the geometric and magnetic target 


values for the head and disk were sct by use of modeling | 


techniques described below. The following were used to gain 


our objectives: a peak detection channel with a data rate of © 


4.5 megabytes per seconds (MB/s), a sccand derivative cqual- 
ization boost of 10 dB at 17.5 MHz, a five-pole low-pass filter 
with a 3 dB attenuation at 22 MHz and a (1,7) run length 
limited encoding scheme. The magnetic head-disk scparation 
was approximately 102 nm (4 win.) with a flying height of 64 


am. The difference was split between head recession and © 


disk overcoat. The head output at low density was 643 


aV,, with a 3 dB roll-off point at 2400 flux changes per mm =~ 
(fcfmm). Figure { shows both uncqualized ‘and equalized iso- 
ibe pulses. Figure 2 shows the micro-track profile of the ... 
read head. The low frequency track profile of the written 
track was very uniform, had fairly steep sides and the width ..__ 
was 4.3 um. The total signal to noise ratio was 28 dB, - eS 


defined as base ta peak isolated pulse divided by rms nalse, 


+. The disk noise was measured with high density data plesent. +f : 


sen ae AAS 


SELECTION OF LINEAR AND TRACK ‘DENSITIES © as a gee 


To determine the linear and track densitics. and the” 


ae 


oJ 


required TMRw/r for the desired soft error rate, a combina- ay 


tion of off-track tests and modeling was used. Many of the 
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Figure 2. Read head micro-track profile using a .S xm written track width. 
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test procedures described were developed in IBM the mid sev- 
enties These tests measure performance, expressed as error 
mates, under all off-track combinations of the head during 
‘ding and writing. The Track Density Error Rate Model, 
‘eloped by Joost Mortelmans, simulates thesc tests by 
using as input some 20 geometric and magnetic component 
parameters. and calculates the SER from the signal to 
Gaussian noise ratio (SNR) [3] and the amount of signal 
type noise from adjacent tracks. This cnables the modcl to 
compute the total SER as a function of assumed TMRw/: 
and the write-to-write track misregistration (TMRw/w). 


The first step was to determine the approximate track density 
capability of the test head by gencrating a 747 curve (so 
named for its resemblence to the front of a 747 airplane). 
This test consists of finding the off-track capability when a 
track of random data is centered at the boundary of two pre- 
viously written tracks and an adjacent track is written at a 
variable distance. Figure 3 shows the basic background 
pattern with the approaching adjacent track in the lower half. 
It also shows the presence of erased bands at the edge of each 
recorded tracks. For a given track pitch, the head is moved 
off-track in small increments until all written sectors have 
failed three times in 30 read opcrations. The mean of the 
resulting histogram of failed sectors versus off-track distance 
is called O! and this corresponds to a byte error rate of about 
8x05. Figure 4 shows OI versus adjacent track pitch for the 
$00 MB/in.2 components. Referring again to Figure 3, when 
the adjacent track is far removed from the center track, it will 
have no impact on OI which will remain constant. However, 
as the old information band, between the data and the 
squeezing tracks becomes smaller, the off-track capability will 
increase and reach a maximum when the two crased bands 
abot. Further squeezing will result in a decreasc of Ol and 
f to a position where the two erased bands overiap; this is 
, at A in Figure 4, where OI is the same as the initial point 
where the adjacent track is far removed from the center 
track. For yet smaller track pitches, the adjacent track erases 
or overwrites the center track, which causes OI to decrease 
precipitously. The track density at, which the 747 curve 
peaks is close to the optimum for that head. - Figure 4 shows 
this peak in the vincinity of 5 ym (200 sein.) or 5000 tin. 


The second step was to determine the linear density to use for 
tests invofving large quantities of data. This was accom- 
plished by running the old information test as a function of 
linear density. 
and consists only of the intial step of the 747 procedure; no 
adjacent track is recorded. - Figure 5 indicates OI as a func- 
tion of linear density. Three triats were run at three different 
equalizer and detector clip level settings. Since the 747 curve 
showed that our track density would be close to 5000 Yin and 
since our goal was 500 Mb/in.?, we selected 100 kbpi with the 
settings of trial #3 for the testing of large quantitics of data. 


SER AND TMR TEST AND MODELING RESULTS 


The solid tine bathtub curve, shown in Figure 6,. was — 


‘obtained by measuring the error rate as a function of off- 
track pasition of the read head, while caltccting in excess of 


40° bytes of data from 20 tracks in an overnight test run... - 
The track configuration is that of the OI test ‘geometry, which =~ 
ts equivalent to a scparation between center and - adjacent _--. 
: at of one crased band width. In this casc SD of Figure 3". tug , 
‘We* initially: ES 


“Ss 0 which co ds to 5344 t/in.” 
{ acd the tracks at a 65% defect clipping level to identify 
the sectors to be skipped, however, no skips were required. 
The track density for the desired SER was determined as a 
function of TMRw/r and TMRw/w. The latter was assumed 


This test also measures off-track capability — 


to be 33% larger than the former. The track density analysis 
consists of twa steps, one far the writc-lo-read and one for 
the write-to- write TMR. 


In the first step, a bathtub curve is calculated (smooth curve 
in Figure 6) for the same track geometry as described in the 
test procedure to obtain the data bathtub. Minor adjust- 
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Figure 4. 747 curve for 500 Mb/in?. Point A occurs when the erased bands 
of the adjacent and center tracks overlap. Numbers refer to Figure 3. 
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"recorded. Also shown are, PDF of TMRwi/r, the product curve and its 
— integral value (horizontal line) which yields the expected error rate and 
point B in Figures 7 and 8. 


ee 
erat. ee 
re 


+ 
“aw i 


- 


ments, within the uncertainty of the parameters, were made 
for a bettcr match to the data. An expected error rate value 
was obtained by integrating the product of the bathtub and 
the (Gaussian) probability density function (PDF) of the 
assumed TMRw/r. The width of the PDF relates to the 3¢ 
value of the TMRw/r which is equal to 597 nm (23.5 yin.). 
This error rate is point B in Figures 7 and 8. Similarly, for 
each other valuc of TMRw/r, the bathtubs will correspond- 
ingly yield expected error rates which are plotted in the lower 


. part of Figure 7 as the dotted curve. The solid curve results 


f 


from using the data bathtub of Figure 6. 


In the second step, both TMRs are kept constant and a scrics 
of bathtubs are calculated as a function of adjacent track dis- 
tance. The expected error rates of the bathubs and the fixed 
TMRwi/r yield the squeeze curve shown in Figure 8. Also 
shown are the PDF of the TMRw/w, the product curve and 
its integral, the overall error rate. This PDF of the TMRw/w 
is centered at a squeeze distance of SD = 0, which corrc- 
sponds to the OI test geometry and to 5344 t/in. (210.4 
témm). This track density is very high and also results in a 

high error rate as shown in Figure &. The left hump af the 
product curve corresponds to the over-writing of the center 
track by the adjacent track (TMRw/w), while the right 
hump, which is suppressed here because of the close prox- 
imity of the adjacent track, corresponds to the amount of old 
information between the two erascd bands. At the optimum 
track density of the companents, the two humps would have 
equal heights, indicating a balance between too high and too 
low a track density. This calculation was repeated for a 


. fange of TMRw/@ values to abtain the upper’ curve, in 


Figure 7. The SER value at 10 is point C, also shown on 
Figures 8 and 9. The total process of Figure 7 is repeated 
at different nominal track densitics to generate Figure 9 
which is a plot of the track density versus TMRw/r for a 
total soft error rate of 10* (bytc). TMRw/r for 5000 t/in. 
(210.4 t/in.) is 30.8 win.(772 nm), which met me TMR objec- 
tive of nat less than 30 nae nm). — 


CONCLUSION 


We have demonstrated longitudinal magnetic recording and 
playback at 100 kb/in. (3937 b/mm) and 5000 (in. (196.9 
t/mm) equivalent to an areal density of 500 Mb/in.2.. The 
components were characterized in great detail including’ write, 
read, crascd band and read profile skirt widths. A combina- 
tion of off-track measurements and the Track Density Error 
Rate Model showed that the target density was obtained: for 
a soft error rate of 10 and a TMRw/r of 30.8 pin. (782 nm). 
Although this was accomplished in a laboratory environment, 
the capability of magnetic compancnts to record and read 


back at these high linear and track densitics was clearly dem- 


onstrated. Incorporation of these densitics into a product 
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Figure 8. Calculated aquecze, PDI of TMRw/w, the product curve and its 


integral value which yickis the overall expected crror ratc. 


with the associated flying height and TMRs still represents 


significant enginecring challenges. 
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EVOLUTION OF. THE: SOFT. ERROR<RATE MODELL sor canon okbetemetters is the differencec ia head: posi tion’ between’: 
: : writing and reading the record.(fig. 1b) Thin. ig. ei 


be BY called track misregistration or THR. The THR 

at wee - ae - dintribution quantifies the amount of radial 

Me P. Hardy and D. J. Malone - misalignment wo can axpect while reading a record. 

WES  -~ - Channel Technology, 9 200 fb esca ee. Because of the effects of THR, the. inter-track gap 

SE IBM, San Jose, CA. 95193 becomes cluttered.with urieresed O10 data When the 

HAE Read is on track the signal to noine ratio is maximum. 

He ABSTRACT: As the head is misaligned radially the signal 

* Note error rate models have been used, within IBM, decreases, while simultaneously tha noise from old date 

ince the early sixties to determine the capacity increases.(fig. 1c) This causes 4 rapid drop in the 

‘ tegpabilities of diskfiles. Most models consider the -gignal to noise ratio and increases the SER. Old data 
data handling capabilities and the mechanical ‘noise céennot be filtered out since it hag aes 
aisregistration to determine the TPI for « given system characteristics which are similar to the desired data 
error rate. Recent models have bean used to estimate aignal. ‘THR ceuses radial _miselignment both while — 
factory yields, field parformance distributions, end wri iting end reading. THR while writing can cause the 
giso the effects of manufacturing tolarances. This data on the edjacent track to bo overwritten, which may 

r describas tha most recent hybrid models which ara result in hard orrors {in extreme cases.(fig. 1d) The 
ysed for estimating Soft error rates on high TPI ~ THR between two writtan trackn in. known gs-WWTHR. THR 
designs. ebetwean writing and reading is known as WRTMR. 
INTRODUCTION : 


\ N 

: 
The tesk of Channel Technology is to integrate the 
head, disk, and channel design to obtain the best 
overall soft error rate (SER) from a new product. The 
SER mode] is used in this context to explore the 
effects of different parameter settings on the soft 


error rete. ° | 
Actual : 2 ° 
‘ ; : Track 


SER models simulate the building and operation of a Desired ————— -Sosleion 
large number of disk filas and estimate the average SER Track Center Stetic histogram 
wheri the files are operated in a typical ciistomer Error 

environment. SER models are uned during initia] (a) Track position error during a single seek 


product davelopment to evaluate alternative designs and 
later on.with data from production partrzr to fine tune) 


é 


the manufacturing process for batter quality and highar : Dete 


* Adjacent 
yields ._—The key ingredi in @ SER model ara tha~ 4 Track eb 
“track mis-ragistration (TR) Wistribution and offtrack © So. tea se ee od 
| performance curves coTr)) “These are convolved together | © 0; -“'? 
| to obtain the SER. ~ f epee s eee 
The SER models used within IBM San Jonze today have 
evolved over the pest 25 years. Early modals uand Pek 


= we eine meena 


determining the SER.- Later on the THR afd OTP donbTe det. ei 
overlap integral was solved analytically which saved _ + 56 
@uch time compared with the Monte Carlo method. Todays. «0° f° 2; 
models have been extended to consider many head eng fi- Cvs. 


: f af f 
‘Monte Carlo methods: to convolve the THR and OTP for- av a 


a eg 


dink combinations end wmanufactuting t cos.c-In -. 
Cede bybifd medala de welect Yiowtthe heeds disk, andi,,,0 ff 7m, Maejdeedr oo el 
TR tolerahices using Monte Carlo mathods, but perform ).. | ° ae ce 2 static 
the SER overlap integral analytically. The accuracy of oe. os Track Pitch offset 
these experiments showed that the SER could be . "7" (db) Example of combined WR and WW THR 
predicted within ae factor of 3 of the meanured SER. | 
Since recent modelx use only real measured data from Old date 
fully functioning machinensthey ere capable of 
predicting the SER within a factor of 2 or batter. 

(Cc) WRTMR effects Adjacent 

f.o.ef sae Data Track Track i 
TRACK MISREGISTRATION (THR). Dag ne oe 

The track position histogram indicater how accurately a. 14 Pa a 
head can seek to, and track follow a specific track. j : [d) WWTMR effects 


The histogram is obtained by making numerous random ip parte 


length seeks to @ chosen track and measuring the track bye re date treck 


{Ol lomitig error at weny points around the track (Fig. Pik te 

Td) “the Vatiods Tactors contributing to track =~ ian eae: | . | 
position error such es non repeatable runqut or:thermal.... .. Fig. 3... Showing effects of Track Misregistration.. « 
‘offsets can be classified da either atatic or: dynamic toro}. «Sap Shige gees Te CET ee. oh. Sgt kg, SS gig ee at 
relative. ‘to. the time taken-to-rend“S record. The so Fa ee ME Le ee we ee 
effects of static offsets cen be removed by shifting © 0 Eder —_ to 


the head position before reading. This does not work 
for dynamic factors which ere therefore more of a 
Problem for the data channel to withstand. 
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A Soft Error Rate Model for Predicting 
Off-Track Performance 


Mathew P. Vea, Member, IEEE and Thomas D. Howell, Senior Member, IEEE 


Abstract—Specifying the head and determining the track den- 
sity are critical, interdependent decisions made early in the de- 
velopment of a hard disk drive. We have created a soft error 
rate model to be used as a tool to aid in making these decisions. 
We have also developed methods to estimate the side reading 
and writing parameters of a head using well known spinstand 
tests. In addition to these four reading and writing parameters, 
the model requires an estimate of the track misregistration 
(TMR) and a sixth input parameter, the effective on-track sig- 
nal-to-noise ratio (SNR) of the channel.’ The utility of the 
model is demonstrated in a test case based on a system with a 
thin film head/medium and a peak detection channel. The model 


- is used to predict error rate both as a function of track density 


for a given head and as a function of head width for a given 
track density. The validity of the model is demonstrated by the 
close agreement of simulated 747 curves generated by the model 
with experimental 747 curves measured as a spinstand. 


I. INTRODUCTION 


OFT error rate modeling is a method for estimating 

the average raw error rate of disk drive systems [1], 
{2]. In this technique, the read channel raw error rate is 
measured as a function of track spacing and head-to-track 
registration. This function is referred to as the error rate 
response surface (ERRS) [3], or alternately as the error 
rate profile [4]. The ERRS is integrated with the prob- 
ability distribution of the track misregistration to yield the 
average system error rate. Soft error rate models are used 
in selecting the track density for a specific system [4], (5] 
as well as for verification of system error performance 
under operating conditions. One drawback of this method 
is the time and equipment required to collect data for the 


ERRS measurement. The measurement requires a preci- © 


sion spinstand, the head/medium, a fully operational read 
channel, and a data collection system. Such a measure- 
ment is often impractical because track pitch must be de- 
cided early in the development cycle. 

We propose an approach to soft error rate modeling in 
which the ERRS is generated by a computer model rather 
than by direct measurement. Our model'specifies the side 
reading and writing properties of the head/medium with 
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four parameters. These parameters can be easily esti- 
mated from simple spinstand measurements. The on-track 
performance is specified by a single parameter, the effec- 
tive signal-to-noise ratio (SNR. ) of the channel. As a re- 
sult of our approach, the model can be used to study any 
design parameter whose variation can be measured or 
characterized as a function of the model parameters. In 
particular, we show how the model can be used to predict 
system error rate as a function of track pitch and/or head 
width. The head width study depends on simple assump- 
tions about the variation of side reading and side writing 
widths. These assumptions allow the extrapolation of off- 
trac aaa estimates over moderate ranges of head 
widths. We demonstrate the utility and validity of the 
modél with a test case involving a system with a thin film 
inductive head. Our approach might also be used to pre- 
dict performance of systems with magnetoresistive (MR) 
heads. The model would have to be modified slightly to 
account for the asymmetric side reading characteristic of 
the MR head. Finally, the model can be used to compare 
and evaluate different head geometries [6]. => 

Section IT contains a description and derivation of the 
soft error rate model, including the method used to gen- 
erate the ERRS and the assumptions that were placed on 
the signals and interferences. Section III describes four 
simple tests to estimate the model's read and write param- 
eters from spinstand measurements. These parameters 
were used in the test case that is described in Section IV. 
Our conclusions are summarized in Section V. 


II. DERIVATION OF THE MODEL 


A block diagram of the model is shown in Figure 1. 
Four parameters (w,, w,, w,, and w,) describe the side 
reading and writing properties of the head. Side writing 
is defined by the width of the track (w,) and the width of 
the erased band (w,). Side reading is characterized by the © 
read width (w,) and the side reading width (w,). A fifth 
parameter, SNR,, characterizes the on-track error per- 
formance of the channel. These five parameters plus the 
track density and the three standard deviation Value of 
track misregistration (7MR;,) are sufficient to estimate the 
__ probability of error of the system. In addition, ‘the.model _ 
ean simulate a ‘*747"" curve} so named because its ‘shape ' 
“- resembles the profile ‘of the. nose of fhe: Boeing: 747 air- 
plane [7]. Sea. me ee 

The effect of interfering signals ‘fm adjacent tracks 
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Fig. 5. Soft error rate model with spinstand measurements. 
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mation of the four read and write widths. These tests are 
described in the following section. The fifth parameter, 
SNR,y, is estimated by matching a measured 747 curve to that is much thin 
a set of 747 curves generated by the model. The designer of this test is tha 
also. must measure or model track misregistration (7MR3,). thin track will aj 
An alternative use of the soft error rate model is to use¢ a creasing area) in 
three dimensional head/medium model to estimate the four zero. The track 
read and write widths. In this case, a detailed on-track with M(y), will 
channel model is required to estimate SNR.v. Use of the field in the limit 
on-track channel model allows performance studies that An example o: 
trade off linear —" with track density. ‘stand is shown. 
| | - | profile typically — 
Il. Sennen MEASUREMENTS dence supports ti 
We use three spinstand tests to estimate the four read/ cc est bi 
write width parameters required by’ the soft error rate and the “plateau 
model. The three tests are a track profile, a microtrack 7-4 ci. the , 
profile, and a 747 curve. The measure taken from the track head finction.: 
profile is w, + w,. The measures taken from the micro-  g nae he 
track profile are w, and w, — w,. The 747 curve is used © line thes: 
to measure w, + w,. The model parameters are recovered | ny ; ; 
from the area linear eomp neon of these a Be Pep aa 
surements. ae 
” xe -The fifth model parameter, SNRe; ‘can be estimated by ‘Era ok 
a “comparing a 747- curve generated on the spinstand to 747 .”" rie li te ance 
curves generated by the model. These procedures are de- oa oie os eile 
rived below, and a short discussion of track misregistra-_ ine is amalit 
tion measurement is included. taeuiae ‘4 we 


A. Track Profile Test The half height : 
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Fig. 8. 747 curve estimation of w, +.w,. ex 

w.}. An example of the matching procedure is shown in 
Fig. 9, where SNRe values of 14, 14.5, 15, 15.5 and 16 
dB were used to generate five 747 curves. The value of 
SNR is chosen by selecting the model-generated 747 
curve that most closely matches the spinstand curve. This 
method is appropriate because the 747 curve is a contour 
line for the error rate response surface (ERRS). The ERRS 
viewed in three dimensions is a plot of error rate, or P(e), 
as a function of ¢,., and €,,. The 747 curve is a plot of the 
value of €,, corresponding to a specified P(e) as a fuhc- 
tion of ¢,,,. Thus, the 747 curve is traced by a plane of 
constant P(e) that slices the ERRS. . 


E. Estimation of Track Misregistration 


The measurement of track misregistration (TMR) is 
typically handled by classifying the causes of TMR and 
conducting a separate test to measure each cause. Such 
sources of TMR include spindle non-repeatable runout 
(NRRO), servo prediction error and thermal track shift. 
The total system TMR, specified at its 3 value, is com- 
puted by adding the individual variances due to the dif- 
ferent sources. If all the sources are independent, then the 
total TMR is just equal to the square root of the sum of 
the squares of the individual 30 values. Otherwise, the 
total TMR value can be computed by Monte Carlo meth- 
ods. | 

A complete discussion of TMR measurement is beyond 


the scope of this paper, but it is of interest to note that . 


some sources of TMR are under the control of the de- 
, signer. For instance, allowance in the TMR budget is usu- 
~ ally made for seek settling. In order to achieve faster ac- 


cess times, a disk system will try to read before the head 
is completely settled. Thus, there is a tradeoff between... 


dict error performance as a function of TMR. This curve 
can be used to determine the tolerance of the system to 
increased levels of TMR, and to set the margin for settling 
time. 


825 
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Fig. 9. Selection of SNR,, by matching an experimental 747. curve to fam- 
ily of model-generated curves. 
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F. Alternate Measurement Methods 


The track profile and microtrack profile tests described 
above were chosen because they are easy to conduct and 
require no special equipment beyond a spinstand. In par- 
ticular, the estimate of the erased band width w, can be 
improved. The procedure outlined above requires a mea- 
surement from each of the track profile, microtrack pro- 
file, and 747 tests to estimate w,, and the uncertainty in 
each of these measurements adds to the uncertainty in the 
w, estimate. Other, more accurate techniques may be used 
to measure the parameters if time and equipment are 
available. Hoyt and Sussner describe a single head tech- 
nique for measuring erased width [15]. Their technique 
can be modified to measure w, + w, as a function of fre- 
quency using a spectrum analyzer. Van Herk and Bijl de- 
scribé t'vo techniques, one which directly measures track 
width w, and one which measures w, + w, [16]. These 
techniques are more complicated, requiring several heads 
of different widths, but they promise better accuracy. Fi- 
nally, the erased band might be measured directly using 
ferrofluid and an optical microscope or using magnetic 
microscopy techniques [17]. 


IV. Test Case | 
We have conducted a single test case to verify the ac- 


curacy of the model and illustrate its uses. We followed _ 


the parameter estimation tests described in Section III to 
estimate parameters for the model. The head and medium 
on which the measurements were made, as well as the 
operating conditions (linear density, write current, etc.), 


_ were taken from a system representative of the state of the 


art in late 1991. Both the head and thedium mye high 


es A 


~_."' mode of the channel was assumed to be bif shift: 
soft error rate model described here has the ‘ability to pre- 2 AT ee. 


The parameter estimation tests were ‘made ‘at | 
data frequencies and disk radii because the read/write 
properties vary with both frequency and track position. 
We coriducted tests at both the inside diameter (ID). and 


outside diameter (OD) of the disk, and at the maximum 
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ID worst case 
++ ID best case 

0-0 «OD worst case 
OD best case 


0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 
Normalized head width 


Fig. 13. P(e) versus head width for a fixed track pitch. \ ° 


The other points in the plot are generated by the model 
using parameters extrapolated according to the assump- 
tions describe above. Remember that the true error rate at 
a given track radius is bounded by the worst case and best 
case curves, Again, note the higher error rate at the ID. 
As is shown by this plot, the head is slightly more narrow 
than the width that is optimal for the chosen track pitch. 
The performance curves in Fig. 13 have a well-defined 
__ Minimum point due to two competing effects. The on-track 
yerformance improves with increasing head width aS the 
aack width (and therefore the signal power) increases. 
The off-track performance is relatively constant for small 
head widths. After the head width passes a critical width, 
corresponding to the knee in the error rate versus track 
pitch curve, the off-track performance degrades with in- 


creasing head width as the guard band shrinks. This sec- . 


ond effect dominates at large head widths, and the curves 
follow a roughly linear (on this log scale plot) slope. The 
P(e) increases an order of magnitude for an increase of 
about 8.5% increase in head width at this slope. At small 
head widths, the P(e) increases about an order of mag- 
nitude for a 12% decrease in head width. 

A second use of the type of plot shown in Fig. 13 is to 
study the effect of component variation once the product 
is in production. The effect of variation in the head width 
can be easily viewed by inspecting the plot at, say, +5% 
and —10% of head width, if those are the specifications 
given to the head manufacturer. Anothér way to view this 
plot is to draw a line at the system specification for error 
rate, say P(e) = 107’, to determine which head widths 
meet the specification. 


The final performance study is a plot of error rate ver- - 


sus track misregistration (TMR). This plot shows the sen- 
sitivity of the model’s error rate prediction to variation in 
~"““MR. In addition, this plot could be used to determine 
Adgeting of TMR sources. As discussed in Section III, 
certain sources of TMR are under control of the designer. 
In such cases, the designer wishes to know how much 
margin the system has in its off-track performance curve. 
The four cases of track radii and frequency are plotted in 


“s 
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*.* ID worst case 
+-+ ID best case 
oo OD worst case 
OD best case 


0.05 0.1 0.15 0.2 
TMR(3 sigma)/P2 


Fig. 14. P(e) versus TMR 30 for fixed head width and track pitch. 


0.25 


Fig. 14. The best and worst case conditions are defined 
as in the previous plots. Again, the error rate is signifi- 
cantly higher at the ID than at the OD. The nominal TMR 
30 value used in the studies of Fig. 12 and 13 was 0.172 
in units of P2 width. As shown in Fig. 14, the perfor- 
mance curves are somewhat sensitive to the TMR as- 
sumption, although the sensitivity of error rate to TMR is 
less than the sensitivity to head width. The TMR margin 
for seek settling can be determined from a plot such as 
shown in Fig. 14. The normal sources of TMR are added 
together. The worst case performance curve (of the four 
shown) at this level of TMR should be less than the sys- 


. tem specification for error rate, say 107’. The TMR value 


on the worst case curve which yields a 107? error rate is 
determined. The TMR .margin is the difference between 
these two values. 


V. CONCLUSIONS 


We have developed a soft error rate model to predict 
off-track performance for disk drives. Our model uses the 
accepted method of system error rate estimation, in which 
the track misregistration distribution is integrated with the 
error rate response surface (ERRS). The ERRS is esti- 
mated with a computer model based on a few parameters 
that describe the side writing and side reading properties 
of the head/medium. We used a number of simplifying - 
assumptions in generating this model. In particular, we 
assumed that the effect of all sources of on-track errors 
can be represented with an error function whose perfor- 
mance is characterized by a single parameter. The effect 
of our assumptions is twofold: the computational de- 
mands are reduced, and the model is focused on those 
system parameters that affect off-track performance, par- 


‘ticularly track pitch, head width, and track misregistra- 


tion. 

The utility of this model was demonstrated in a test 
case, in which error rate was predicted as a function of. 
track pitch, head width and track misregistration. The test 
case was based on parameters estimated from spinstand 


RPS - Recording Process Simulator 
Roscamp Engineering Inc. 


Designed to aid disk drive component suppliers and disk 
drive designers in understanding performance and yields. 


First version of RPS was in 1986 for understanding 
magnetic head behavior. Current version completely 
models the data portion of a disk drive. Future versions 
will model servo with 3D solvers. 


Model is currently used by 24 industry leaders in 
magnetic disk drive design and manufacture as well as 
head and disk suppliers in both the US and Japan. 
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Signal from Track of Interest 
SNR = ------------------------------------------ 
RMS of Noise Sources 


N, = Disk Noise 

Nur = real part of the head noise 

Namp! = amplifier noise 

N,j = Sig-o1 = Noise from old information 
Naaj = Sig-adj = Noise from adjacent track 
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SNR AND BER 


Gaussian distribution 
where e, = noise voltage and o = standard deviation. p(e,) is probability density 
function. 


BER = P(len;|=K)= erfe(=-) 


K is a detection threshold and P(e, ) is the cumulative probability that the noise 


_ voltage exceeds the threshold (an error results whenever a pulse is tansmitted and 7 


not detected or no pulse is transmmitted but a pulse is detected). 


If we define: 


— 2 
SNR=-=, then K=— 


and 


BER = erfe(= =) = 20>) 


Om- bed Fae 


1/9 


For reasonable values of SNR we can apuroximate the BES as follows: 


BER ~ = 
~ rez 


~ — (NR 
-; ae) 


BER VERSUS SNR 
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Head sensitivity can be defined as a certain number of volts (microvolts) per 
unit track width. 
e.g. 80 uvolts/micron 
Comes from the amplitude equation: 


Vout=N e¢ Mr VL pw K W e (losses) 


Vout 
HS = Head Sensitivity = --------  , Tw= Written track width 
W 
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D=TweHs, OFF = (offtrack-distance) e Hs, OT = offtrack distance 
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Signal = R = D - OFF 


Noise = Ntot = VNs*Ns+Nold* Nold (uncorrelated) 


R 
Signal to Noise Ratio = 
N TOT 
2 

SNR e 
Z= , erfc(z) =-- 

2 42 VPi Z 
OFF R Ns Nold 

0 D Ns 0 

offl D-off1 Ns 
off2 D-off2 Ns 


90, 
General expression for the simplified case: 


D - Off 
NR Gee 
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Data 
Recovery | 
Procedures | 


Goals of Error Correction and 
Error Tolerance 


— Achieve an acceptable re-read rate 


-— Achieve an acceptable unrecoverable 
error rate 


-— Achieve higher recording densities 
through coding 


Goals of Error Detection 
— Achieve acceptable rate for undetected errors 


The Goal of Error Retry 


— Recover otherwise unrecoverable data by 
repeating the operation without any changes 
or by repeating the operation after changing 
parameters of the recording channel or 
positioning system 
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Errors in Disk Drive Systems 


Errors in Storage systems result from: 


Defects 


- Noise 
Media noise 
Electrical Noise 


Barkhausen Noise 


Offtrack noise 


Adjacent track interference 


The number of bits or bytes associated with an 
error event can be extended by: 


- Error propagation due to the detection 
method (DFE, or other sequence detector) 

- Loss of synchronization due to a defect 

- Recovery from a thermal asperity (TA) 
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ECC and DRP 


Goals of Error Corrections and Data Recovery 


- Achieve an acceptable reread rate 

- Achieve an acceptable unrecoverable error 
rate 

- Achieve an acceptable miscorrect rate 


Goals of Error Detection 


- Achieve an acceptable rate for undetected 
Errors a 


Goals of Data Recovery Procedures 


- Recover otherwise unrecoverable data by 
Repeating the operation without any 
changes or by repeating the operations after 
changing parameters of the recording 
channel or positioning system or ECC 
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Higher TPI - System Considerations 


“It’s a vicious circle” 


- Designs are dictated by read, write and erase widths, 
side reading and writing, skew due to the rotary 
actuator, and TMR 


- Decreased track width of the read/write element gives: 


O 


O 


$ 


lower amplitudes 


for the same linear density, this requires a lower 
magnetic flying height to maintain SNR 


lower fly height means smoother media 


narrow tracks drives the defects higher 
----> still smoother media 


narrow tracks drive better servo positioning 


need more ECC to cope with higher error 
rates, disk defects and thermal asperities 


tolerances of the head geometry’s, disk 


parameters, fly heights, etc. make the job 
even tougher. 
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